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Abstract
The purpose of this diploma thesis is to introduce fracture behavior of welded polyolefin
pipes. This study is focused on numerical modelling of the quasi-brittle failure which is a
direct result of slow creep crack growth. Welding of polyolefin pipes causes material inho-
mogeneity in the welded region and the weld bead shape introduces geometric stress raisers.
The aim of the thesis is to evaluate these influences on the welded pipe lifespan and its assess-
ment. Different experimental tests (mainly CRB and PENT tests) which allow measuring
of material properties describing the crack growth kinetics are presented in the thesis. The
results of numerical modelling are presented for a polyethylene pipe (PE 100 110 x 6.3 SDR 17.6).
Polyethylene is one of the most common material used in the pipeline industry, but the re-
sults of the thesis can be used for any other polyolefin material as well. Lifetime prediction
of polyolefin pipes is based on the Linear Elastic Fracture Mechanics (LEFM) using the con-
cept of the stress intensity factor. The thesis complements the existing methodology of pipe
lifetime assessment, specifically lifetime prediction of welded polyolefin pipes and a possible
direction for future related research is given.
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Abstrakt
Cílem této diplomové práce je řešit problematiku poškozování svařovaných polyolefinových
potrubí. Prezentovaná práce je zaměřena na numerické modelování kvazi-křehkého porušování,
které je přímým důsledkem šíření creepové trhliny. Svařování polyolefinových potrubí vnáší
do oblasti svaru nehomogenní rozložení materiálových vlastností a tvar svarového výronku
způsobuje vznik geometrických koncentrátorů napětí. Posouzení těchto vlivů na životnost
svarového spoje a výpočet polyolefinových potrubí je hlavním cílem této práce. V práci
je uveden popis několika experimentálních testů (především CRB a PENT) k určení ma-
teriálových vlastností popisujících kinetiku trhliny. Výsledky práce jsou prezentovány pro
polyetylenové potrubí (PE 100 110 x 6.3 SDR 17.6). Polyetylen je jeden z nejčastěji používaných ma-
teriálů právě v oblasti potrubních systémů. Prezentované výsledky práce mohou být použity
i pro jiný polyolefinový materiál. Predikce životnosti polyolefinových potrubí je založena na
lineárně elastické lomové mechanice (LELM) a koncepci faktoru intenzity napětí. Diplomová
práce doplňuje tuto metodologii výpočtu životnosti o výpočet svařovaných polyolefinových
potrubí z pohledu lomové mechaniky s náznakem možnosti budoucího výzkumu.
Kľúčové slová
Polyolefínové potrubia, Metóda konečných prvkov (MKP), Lomová mechanika, Šírenie creep-
ovej trhliny
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Chapter 1
Introduction
Polyolefin pipes have significant applications in water and gas transportation. They are
characterized mainly by the advantages of being highly resistant to corrosion. Due to their
flexibility, excellent flow characteristics, suitability for welding, polyolefin pipes are preferable
to other materials for use in pipeline industries.
An important aspect of pipeline system installation is connecting pipes. The most common
connection being used for a wide range of pipe diameters is the butt welding joint created
by applying heat and pressure. This standardized welding process, outlined in ISO 21307
[1], involves a change of material properties and results in a weld bead geometry. Another
very well known procedure for connecting pipes is electro-fusion which melts pipes together
by sending a current through a closely fitted heating coil.
Optimizing the longevity and functionality of pipes is a source of competition in the pipeline
industry. Recently developed materials such as High Density Polyethylene (HDPE) provide
full functionality of a system for over fifty years. A better understanding the pipe life-cycle
may lead to further optimization and design of the connection process or pipes themselves.
Although it is possible to predict the life expectancy of welded pipes by performing a hydro-
static pressure test, such as in EN ISO 9080 [2], the procedure is extremely time consuming.
Numerical predictions [3] of pipeline life expectancy are therefore highly valuable speeding
up the process of weld bead technology development, as well as safety assessment.
Understanding the vulnerabilities of welded pipes is essential to the optimization process.
Damage to a pipeline system may be a consequence of a number of factors, such as the
flowing medium exerting high pressure on the inner pipe walls, chemical degradation, or
slow creep crack growth. Highlighting the last factor, this thesis shows that slow crack
growth (SCG) caused by creep is the most common type of damage found in experiments
and real applications under normal working conditions.
It is shown that the process of creep crack growth in polyolefin pipes may be characterized
using the Linear Elastic Fracture Mechanics (LEFM). It was verified by many experiments
that this approach is relevant to analyzing slow crack growth propagating with the small
plastic zone at the crack tip.
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The main aim of the thesis is to describe the influence of welding on the lifespan of polyolefin
pipes. A large portion of the thesis is focused on polyethylene as one of the most frequently
used polyolefin materials in pipelines. Building upon the LEFM methodology for pipe lifes-
pan assessment, numerical simulations of welding polyolefin pipes under different conditions
are created and analyzed using the commercial package ANSYS. Different ANSYS Para-
metric Design Language (APDL) codes are created to simulate crack propagation in pipes
for different welding conditions. Crack propagation in 2D numerical models is simulated
based on the APDL algorithm proposed in the author’s bachelor’s thesis [4] improved here
of analysing axisymmetric bodies.
The thesis may be divided into three general sections. The first section (Chapter 2, Polyolefin
Pipes) is devoted to the background of polyolefin pipe material, pipe failure mechanisms, and
the two most common welding procedures (butt welding and electro-fusion welding). The
end of the chapter is devoted to the experimental testing of polyolefins, giving descriptions
of the basic experimental tests involved (Cracked Round Bar (CRB) and Pennsylvania Edge
Notched Tensile (PENT) tests).
The second section (Chapter 3, Theoretical Background of Fracture Mechanics) provides
the basics of LEFM. It begins with a short introduction, followed by a description of basic
mathematical formulas, numerical methods, and restrictions.
As the third section, the remainder of the thesis discusses various numerical models and
provides an analysis of their results. Simple analytical solutions are introduced and compared
to numerical models for optimal and non-optimal welding conditions, followed by a discussion
of the electro-fusion welding joint. The end of the section is devoted to an analysis of lifespan
estimation for welded polyethylene pipes, specifically PE 100 110x6.3 SDR 17.6, and with a short
description of recently measured material properties of the welded region.
Finally, all major aspects of the thesis, including a summary of all experimental results,
results of numerical calculations and recommendations, are summarized in the conclusion.
Chapter 2
Polyolefin Pipes
2.1 Material of Choice
Polyolefin is a thermoplastic material (a class of polymers) which is produced by polymer-
ization (chemical linking) of simple olefins. The most common olefins are ethylene and
propylene, which can be polymerized to create polyethylene (PE) or polypropylene (PP).
Polyolefins consist only of carbon and hydrogen atoms, and they are usually processed by
extrusion or molding. Figure 2.1 illustrates polyethylene molecular chain production. After
converting methane gas into ethylene, heat and pressure is added to produce polyethylene.
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Figure 2.1: Polyethylene molecular chain [5]
As a polyolefin, polyethylene is highly resistant to corrosion, abrasion, and chemical attack.
However, it is often combined with colorants, stabilizers, anti-oxidants, and other ingredients
to protect or improve material properties. In addition to these advantages, polyethylene is
flexible, light-weight, provides good insulation, and has successfully substituted steel and
cast iron in many applications of pipeline industries [6].
Polyethylene has become one of the world’s most widely used and recognized thermoplastic
materials in pipelines. Already in 1955, a pipe made from High Density Polyethylene (HDPE)
was first produced. Karl Ziegler was awarded the 1963 Nobel Prize in Chemistry for his
invention of HDPE. Due to the emergence of additional common polyethylene materials,
such as Medium Density polyethylene (MDPE) and Low Density Polyethylene (LDPE),
polyethylene materials are now categorized according to density under the standardized
17
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classification, as in ASTM D 3350 [7]. MDPE is usually used for low-pressure gas pipelines,
and LDPE is typically used for small-diameter water-distribution pipes [5]. HDPE has less
flexibility but greater strength, ideal for use in larger pipe systems which must withstand high
internal pressure. Typical applications are found in drainage systems, oil and gas production,
and water and gas distribution.
2.2 Basic Polyethylene Pipe Parameters
Polyethylene piping is in general very suitable for places where vibrations occur or where ag-
gressive ground conditions are present. In the pipeline industry, several types of polyethylene
are characterized by their minimal required stress value,
MRS =
pin · d
2 · s , (2.1)
where pin is the inner pressure in MPa, d is the pipe’s nominal outer diameter, and s is the
nominal wall thickness. The most common types are PE 80 and PE 100.
Another important parameter is the Standard Dimensional Ratio (SDR), measuring pipe
durability under pressure. It is a rounded number expressing the ratio between the nominal
outer diameter and nominal thickness,
SDR =
d
s
. (2.2)
Figure 2.2 illustrates three typical examples of SDR. A lower ratio is an indication that
the pipe can withstand higher pressures, since the pipe wall is thicker in comparison to the
diameter.
s=6.4mm
d=
18
0m
m
PE 
pip
e
d=
12
5m
m
s=6mm
s=12.3mm
d=110mm
SDR = 180/6.4 = 28
SDR = 110/12.3 = 9
SDR = 125/6 = 21
Figure 2.2: Standard Dimensional Ratio (SDR)
Long term behavior of polyolefins in pipe systems has been studied extensively for many
years. Pipes made from HDPE can maintain perfect working conditions for over fifty years.
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There is, however, a demand for pipes to last more than 100 years. One way to achieve
this goal is to enhance the material properties of the pipes by designing new materials,
connections, and welding techniques. Understanding both the weaknesses and strengths
of pipe physical limitations will benefit the pipe system optimization process, leading to
increased pipe life expectancy, as well as potential environmental and economical growth.
The influence of pipe welding and related factors, particularly their impact on the lifespan
of welded pipe systems, is discussed throughout the thesis.
2.3 Material Properties of Basic Pipe Material
This chapter introduces the basic material properties of polyolefin materials. (See Chap-
ter 2.5 for an introduction to material properties of welded regions).
2.3.1 Viscoelastic Behaviour of Polyolefin Pipes
Polyolefin materials in general exhibit viscoelastic behavior. This means that the stress
response, or the deformation response, are time-dependent. The viscoelastic nature of poly-
olefin results into two unique characteristics - creep and stress relaxation, which are described
below.
creep
Creep is the time-dependent deformation due to a constant amount of stress. When the
viscoelastic material is subjected to a constant static load (constant stress), it deforms
with time. If the stress is too great, the material may rupture. See Figure 2.3 (left).
stress deformation
deformation stress
time time
timetime
creep stress relaxation
Figure 2.3: Stress and deformation response of viscoelastic materials
stress relaxation
When the viscoelastic material is subjected to a constant deformation (constant strain),
the stress caused by the initial deformation slowly decreases with time. This phe-
nomenon is called stress relaxation, the decreasing amount of stress resulting from
constant deformation. See Figure 2.3 (right).
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Viscoelastic materials are typically modeled using springs and dashpots, or other devices
representing viscous and elastic behavior.
2.3.2 Creep Modulus
Under short-term loading, the modulus of elasticity describes the linear part of the stress-
strain curve (Hooke’s law), and characterizes the stiffness of the material.
However, viscoelastic material loading, especially long-term loading, exhibits a non-linear
stress-strain curve. This kind of deformation is usually described by the creep modulus EC ,
EC = EC (σ, t, T ) =
σ
ε (σ, t, T )
, (2.3)
which depends on the applied load force σ, deformation time t and temperature T . Although
the creep modulus does not give a complete description of the material stiffness, it is a useful
ratio comparing the force and the deformation.
2.4 Joining of Polyolefin Pipes
Making well-formed pipe connections is the key factor ensuring the reliability of a pipe
system. Poorly-crafted joints may cause installation delays and/or result in system leakage.
Polyolefin pressure piping products are connected via fusion or mechanical methods. Heat
fusion is a weather-independent process often requiring electrically powered equipment. The
most common types of heat fusion used for pipe welding are butt welding and electro-
fusion welding. This thesis examines the pros and cons of both techniques in terms of slow
crack propagation, which is the primary cause of pipe rupture. A brief introduction to the
technological procedures is described in the following chapters.
2.4.1 Butt Welding
Butt welding is the most widely used method for joining of PE pipes, and the only option
for connecting pipes with diameter larger than 500mm [8].
Two pipes of the same diameter and wall thickness are joined using heat and pressure action.
The process usually takes a few minutes. (See Figure 2.6 for a simplified schematic of a
typical procedure.) The method is considered to be fast, cheap, and easy to operate. There
are many standards describing this welding procedure, but the most commonly used are the
German standard DVS 2207-1 [9] (single pressure procedure) and ISO 21307 [1] (dual pressure procedure).
Figure 2.4 and Figure 2.5 feature real-world examples of the installation and butt welding
process joining huge pipes. Two pipes of the same diameter and wall thickness are heated to
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Figure 2.4: Welding and installation [8] Figure 2.5: Butt welding fittings [8]
a molten state and pressed together. The surfaces of the pipes are heated using electrically
heated plates (see the plate in Figure 2.5 on the left). After a prescribed time, the pipes are
cooled until a solid bond is formed.
initial heating 
time under 
pressure
heating time 
with reduced pressure
cooling time
time for removal 
of heating mirror
pressure build up time
t1 t2 t3 t4 t5
time [s]
pressure
[MPa]
allignment and preheating changing joining and cooling
heated plates joining surfaces weld bead
Figure 2.6: Butt welding procedure
Changes in material properties, as well as the resulting weld bead geometry, are typical to
each welding procedure. Usually, the correct welding procedure leads to the so-called optimal
weld bead shape. Figure 2.7 depicts an example of the optimal bead geometry on a pipe
wall.
Nowadays, the butt welding process is usually controlled by Computer Numerical Control
(CNC) machines, which automates both the welding and data recording.
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Figure 2.7: Optimal weld bead geometry in a pipe wall
2.4.2 Electro-Fusion Welding
Although it uses the same principle of heat fusion, electro-fusion welding of polyolefin pipes is
somewhat different than butt welding. Electro-fusion requires a special fitting (see Figure 2.8)
in which electrical current is applied to a wire coil, causing the adjacent materials to melt.
The pipes are welded only in the region where the coil is placed. The fitting becomes a
permanent part of the connection, which is then cooled until a solid joint is created. Welding
pipes with different wall thickness can be done only via electro-fusion welding.
PE pipePE pipe
wire coil
special fitting
supplied voltage 
(usually 40V)
welded region
Figure 2.8: Electro-fusion weld description (the left figure taken from [10])
2.5 Correlation Between Structure and Properties of
Welded Region
Knowledge of the correlation between structure and properties of polymer welds is essential
for estimating the lifespan of welded pipes. Despite the high number of papers dealing
with the relationship between morphology and mechanical behavior of bulk polyethylene
(e.g., [11], [12], [13], [14]), the constitution of the welding joints has not been thoroughly
investigated [15], [16], [17].
An example of a welded connection in polarized light with well visible changes in micro-
structure can be seen in Figure 2.9. The degree of crystallinity is highest at the center of
the welding joint (indicated by the red color), and lowest in the non-heated pipe areas.
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Figure 2.9: Welded connection in polarized light [17]
The greater the proportion of crystals, the higher the density and brittleness of the resin
[5]. This may lead to stress cracking, increased permeability, reduced impact strength, and
lower resistance to slow crack growth. On the other hand, stiffness, tensile strength, creep
resistance, and resistance to chemicals are increased [18].
The above trends correlate well with the results of micro-hardness tests performed at the
Martin-Luther University Halle-Wittenberg, Germany [17]. The correlation between hard-
ness and stiffness (Young’s modulus) is easily detected. Figure 2.10 and Figure 2.11 illustrate
the inhomogeneous distribution of Young’s modulus according to the micro-hardness tests
of polyethylene and polypropylene, respectively. (Refer to Chapter 7.2 for more specific
details.)
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Figure 2.10: Young’s modulus correla-
tion with micro-hardness tests of PE [17]
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tion with micro-hardness tests of PP [17]
2.6 Failure Mechanisms of Pressurized Pipes
The lifespan of polyolefin pipes is reduced by structural weakness and overloading. By
considering only the pressure exterted by a medium on the inner walls of a pipe, pipe failure
mechanisms can be generalized by one of the following three stages: ductile failure, quasi-
brittle failure, and brittle failure. Figure 2.12 and the following descriptions illustrate when
these three stages occur in the pipe degradation process caused by stress over time.
region A
As seen in Figure 2.12, the first stage (region A) is characterized by a high amount
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Figure 2.12: Polyolefin pipe failure stages
of hoop stress (tangential stress resulting from radial pressure of inner medium). This
leads to instability of pipe wall and huge irreversible pipe deformations. Application of
excessive pressure at this stage can then cause instant pipe failure. This phenomenon
is called ductile failure, and is rare. Two examples of ductile failure are shown in
Figure 2.13 and Figure 2.14.
Figure 2.13: Ductile failure of a pipe
(photo author: Jiri Sadilek, Polymer Institute Brno )
Figure 2.14: Ductile failure of a pipe
(photo author: Jiri Sadilek, Polymer Institute Brno )
region B
The second stage (region B) is the so-called quasi-brittle failure which is a direct
consequence of crack initiation followed by Creep Crack Growth (CCG). The hoop
stress is mild and the crack propagation may take many years. Chapter 2.6.1 describes
this type of failure process in more detail. As the most common failure mechanism,
CCG has been discussed in many publications, for instance [19], [20], [21], [22].
region C
In the last stage (region C), material degradation is a consequence of thermo-oxidation
over a long period of time. This is known as brittle fracture. The pipe can be protected
using chemical stabilizers inhibiting oxidation. Figure 2.15 and Figure 2.16 illustrate
examples of brittle failure in the form of Stress Corrosion Cracking (SCC).
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Figure 2.15: Microcrack network of
SCC on the inner surface of a polybute-
lene pipe [23]
Figure 2.16: Observation of SCC in ra-
dial direction of a polybutelene pipe [23]
2.6.1 Creep Crack Growth
As mentioned in the previous section, the majority of the failures of polyethylene (PE) pipes
in real service are attributed to Slow Crack Growth (SCG) which is characterized by stable
crack growth and small plastic zone initiated at the crack tip. In the presence of these
conditions, Linear Elastic Fracture Mechanics (LEFM) can be used to describe the crack
behavior. (See Chapter 3 for a description of the basics of LEFM). Numerous studies have
dealt with creep fracture mechanisms by SCG in polyolefin materials [24], [25], [26].
Already in 1983, it was observed by Chan and Williams [27] that the rate of slow crack growth
in high density polyethylene can be described by a function analogous to the Paris-Erdogan
equation [28],
da
dt
= CKm, (2.4)
where da/dt describes crack kinetics (crack growth rate), C is a constant for a given resin
and temperature, and K is the stress intensity factor. Chan and Williams proposed the
exponent m = 4, but the exponent varies in practice from 2.6 to 4.8 depending heavily on
the type of PE and depending only slightly on the temperature [29].
The crack propagation under fatigue loading from morphological point of view is usually
characterized by striations. In metals, this phenomenon is easily recognizable as bands on
the fracture surface. A similar effect can be observed in polymer materials as well [30], [31].
Creep crack growth can be discontinuous even under static loading. Cyclic loading, which
can accelerate creep crack growth, is usually used in testing of the material.
In pressurized polyethylene pipes under normal conditions, creep crack propagation is slow
and the plastic deformation at the crack tip is just local [32], [6]. Depending on the polyolefin,
localized geometry, and loading conditions, the plastic zone constitutes of crazes and micro-
cracks (brittle defects), or microvoids and shearbands (ductile defects). These micro-defects
increase material compliance near the crack front and decrease high elastic stresses. The
formation and evolution of these micro-defects is closely coupled with the crack propagation.
Two main yielding mechanisms are responsible for crack propagation in polyolefin materials.
Contrary to metals, which yield by dislocation motion, polymer materials exhibit either shear
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yielding or crazing. Shear yielding is characterized by molecules sliding with respect to one
another when subjected to a critical shear stress [33].
The craze zone usually forms perpendicular to maximum principal stresses and resembles
what a strip-yield model (originally proposed for metals) predicts. According to Oxborough
and Bowden’s craze criterion [34] the critical strain for crazing decreases with increasing
modulus and hydrostatic stress, making the welding joint more pivotal in crack propagation.
The proposed craze criterion is,
ε1 =
β(t, T )
E
+
γ(t, T )
3σm
, (2.5)
where ε1 is the maximum nominal principal strain, β and γ parameters (functions of time
and temperature), E represents the Young’s modulus, and σm is the hydrostatic stress.
A craze zone schematic with unbroken fibers is shown in Figure 2.17 and a photo of the craze
zone is depicted in Figure 2.18.
polymer material
crack tip craze zone
Figure 2.17: Schematic crack tip craze
zone
Figure 2.18: Craze zone in polypropy-
lene (photo author: M.Cayard )
Crack propagates when individual fibers rupture. The process is therefore discontinuous
causing striations to resemble fatigued metals. The amount of shear yielding or crazing
depends on the stress state, temperature, and molecular structure.
2.7 Experimental Testing of Polyolefins
Knowing material properties is essential for lifetime prediction of polyolefin pipes. The
service-life of the pipe is closely connected with the slow crack growth resistance of the pipe
material [35]. Even though, polymer materials exhibit viscoelastic (non-linear) behaviour,
the linear elastic fracture mechanics can be used to estimate the reliability of a polyolefin
pipe. However, this concept requires the knowledge of the crack resistance and the kinetics
of Creep Crack Growth (CCG) [32].
Mechanical behaviour can significantly differ between static and cyclic loading. Polyolefin
pipes usually fail due to creep crack growth caused by the inner pressure of the flowing
medium. The inner pressure acting on the pipe walls may be considered to be constant (static
loading). Some experimental tests, however, utilize cyclic loading to accelerate creep crack
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growth in order to retrieve material properties in a reasonable time frame. Experimental
tests can be further divided into short or long term tests giving short (e.g. resistance against
stable crack propagation) or long term (e.g. resistance to creep crack growth) properties.
Short term tests can give relevant results only for applications with high deformation rates
(ε˙), but for many materials (viscoelastic materials) the deformation or the stress response
in real service is relatively small, so short term tests are more appropriate for the lifespan
characterization.
A traditional way for determining the long term properties of PE pipes is by performing
internal hydrostatic pressure tests. When the information about the CCG is required, these
tests are quite expensive and time-consuming. Due to this fact numerous other methods have
been developed to simulate the CCG behaviour in a reasonable time frame. Relevant tests
for these purposes are Cracked Round Bar (CRB) tests [36] or Pennsylvania Edge Notched
Tensile (PENT) tests. These tests are described in more detail in the following sections.
Another often used tests are Notch Pipe Tests (NPT), Full Notch Creep Tests (FNCT) or
Double Edge Notched Tensile Tests (DENT) [37],[38].
Properties of the PE 100 material used in this thesis were obtained on CRB and PENT tests
and are given in Chapter 11.1.
2.7.1 Hydrostatic Pressure Test
Hydrostatic pressure tests measure pipe’s resistance to hydrostatic pressure. The testing
pipes are filled with water and their behaviour is investigated for different temperatures.
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Figure 2.19: Hydrostatic pressure curves for HDPE according to DIN 8075 [39]
The temperature is controlled by water bath in which the pipe is placed. The results are
plotted in stress vs. time diagrams transformed into log-log coordinates. Typical hydrostatic
pressure curves for different temperatures are shown in Figure 2.19. For higher temperatures
(e.g 80◦C) the graph typically shows 3 stages (see also Figure 2.12). For higher temperatures
the quasi-brittle failure becomes shifted into longer times so the results for normal working
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conditions in real applications are extrapolated from temperature-accelerated experimental
tests. The test procedure is standardized for instance in ČSN EN ISO 1167-1 [40].
2.7.2 CRB Test
Cracked Round Bar (CRB) tests are performed using round bar specimens which are cir-
cumferentially notched. Reports first published on these specimens were in Japan [41], [42].
Later work in Europe [43], [44], has shown that CRB tests are able to characterize the crack
growth resistance of polymer pipes. This information is very important when assessing lifes-
pan of a pipe. The CRB tests describe the crack kinetics (creep crack growth rate) as a
function of the applied loading (usually expressed in terms of the stress intensity factor).
The experiment is usually conducted as given below.
A CRB specimen is loaded with a given sinusoidal frequency with a given R-ratio where,
R =
Fmin
Fmax
=
KI,min
KI,max
. (2.6)
For different specimens the ratio between the maximum loading force Fmax and the min-
imum loading force Fmin is different. Cyclic loading with a higher ratio accelerates crack
propagation more.
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Figure 2.20: CRB test data extrapolation [45]
The tests may be accelerated also by increasing the temperature or using stress cracking
liquids. Since the static loading for which R = 1 is a very time consuming procedure this
state is approached by extrapolating the measurements for different R-ratio approaching one.
The extrapolation is shown in Figure 2.20.
Based on the extrapolation methodology proposed by [46], [47], the Fatigue Crack Growth
(FCG) curves for different R-ratios (left graph in Figure 2.20) are transformed into the
diagram of constant crack rates (right graph in Figure 2.20). In this diagram, they are
extrapolated to R = 1, and this extrapolation is mapped back into the diagram of FCG
curves. FCG curves show crack propagation rate as a function of the stress intensity factor
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KI . Based on this curve, the Paris-Erdogan constants, C and m (see Equation 2.4) can be
calculated. These constants are material properties and can be used to calculate time of slow
crack growth using an equivalent equation (Equation 2.4) to the Paris-Erdogan law [28].
A typical fracture surface of a CRB specimen and CRB specimen geometry is presented in
Figure 2.21.
notch
sinusoidal
loading
F
F
time
R=7mm
L=
10
0m
m
fracture surface
2R
a
Figure 2.21: Typical CRB specimen geometry (left), striations on the brittle fracture
surface of a CRB specimen of PE 100-D after fatigue loading [38] (right)
Crack propagates symmetrically from the initial razor blade notch, creating a brittle frac-
ture surface, and fails into a fully ductile fracture surface (center of the CRB specimen in
Figure 2.21). The striations are created because of the cyclic loading with the purpose of
accelerating the crack growth.
A main advantage of the method is a simple geometry (manufacturable from moulded plates
or extruded pipes). CRB specimens provide near plane strain conditions which keep the
plastic zone size on its minimum and this way very realistically simulate the real conditions
near the crack front in a pressurized pipe.
2.7.3 PENT test
Pennsylvania Edge Notched Tensile (PENT) tests are used to determine the resistance to slow
crack growth by measuring the total time to failure. PENT test specimens are rectangular
and notched on three sides (see Figure 2.22).
The primary purpose of the notch is to introduce a triaxial stress state which would conse-
quently lead to a brittle fracture. The loading is constant and the temperature during the
test is increased. The experiment measures the evolution of the Crack Opening Displacement
(COD) with respect to time (see Figure 11.3).
Similary to the CRB tests the PENT tests give information about time of slow crack prop-
agation. CRB tests describe the crack growth rate and PENT test time to failure. Each
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PENT specimen
constant load
Figure 2.22: PENT test specimen and loading
long term test should reveal the same conclusion about the crack resistance. This might not
agree with short term test because the mechanism of the deformation is different.
Measured properties of PE 100 (short as well as long term properties) performed by the CRB
and PENT tests are given in Chapter 11.1 linked with the pipe lifetime assessment.
Chapter 3
Theoretical Background on Fracture
Mechanics
3.1 Introduction
Fracture mechanics was raised in the nineteenth century when the Industrial Revolution had
brought many accidents with loss of lifes. Many of the failures had been caused by cyclic
loading even though the loading amplitude was significantly below the yield strength of the
material. Later it was discovered that the structures failed due to pre-existing flaws from
which a crack was able to initiate, consequently causing the structure to rupture.
In the course of time the fracture mechanics has developed into two main disciplines - Linear
Elastic Fracture Mechanics (LEFM) and Elasto Plastic Fracture Mechanics (EPFM). LEFM
is valid for so called Small Scale Yielding (SSY) conditions when the plastic zone size at the
crack tip is negligibly small, and the material obeys the Hook’s law. This issue is discussed
in more details in the following sections. The theory behind the EPFM is more complex and
it allows to solve problems when the plastic zone size is beyond the restrictions of LEFM.
In this case the material does not necessarily need to behave linearly. It will be shown that
the use of the LEFM is in many cases satisfactory when solving problems of reliability of
polyolefin pipes.
3.2 Linear Elastic Fracture Mechanics
Linear elastic fracture mechanics was first based on energetic approaches. The energy balance
in an infinite plate with a crack was first proposed by Griffith already in 1920 [48]. Due to
impracticalities of this concept a new approach - stress intensity approach - was proposed
by Irwin in 1950s. Owing to this, the stress field near the crack front can be described using
one parameter called the Stress Intensity Factor (SIF), K[MPa.m1/2]. This parameter is a
function of external loading and geometry of the structure and crack.
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More parameters can be used to describe the stress field near the crack front and the LEFM
can be then usually divided into one, two or more parametric LEFM, based on how many
parameters are being used. The second parameter often taken into account is the T-stress,
T [MPa]. More to these will be discussed in the following.
3.2.1 Mathematical Background on Crack-Like Discontinuities
When a solid body with a crack-like defect is subjected to loading, it generally produces
high stresses near the crack tip. Crack tip is a point on the crack front. The basic crack
terminology is explained in Figure 3.1.
crack front
crack
surface
a - crack length
s - specimen thickness
semi-elliptical crack through-thickness crack
2a
a
�external loading
� �
�external loading
Figure 3.1: Basic crack terminology, semi-elliptical crack (left), through-thickness crack
(right)
Within the concept of LEFM the stresses near the crack front in a loaded body go to infinity.
This paradox in compare to reality in caused by assuming the linear elastic model of material
having no limitations is stress. The crack front in reality is not perfectly sharp, as assumed
by mathematical models. Actually, the material near the crack tip will undergo plastic
deformations, and the crack tip will get blunted producing much lower stresses at the crack
tip.
However, when using the linear elastic mathematical model, the components of the stress
tensor reveal an exponential dependence,
σij ≈ A
rp
, (3.1)
where the denominator exponent p is called the stress singularity exponent, as it describes
the local degree of stress singularity, and A is a constant which describes the amplitude of
the stress singularity. Generally the singularity exponent can vary in the interval 0 < p < 1.
The singularity with the exponent p = 1/2 is often called as the square-root singularity and
it usually dominates over the others.
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The amplitude of the singular term is finite and the root singularity is coupled just with the
stress intensity factor - the most important parameter of the LEFM. Stress distribution of
the stress singularity of p = 1/2 in a cracked body is plot in Figure 3.2.
stress
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r 1/2
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1�ij ≈
Figure 3.2: Stress singularity near the crack front of the linear elastic material
The exponent p may change within the given interval when the crack front approaches
another material (like in a composite) or when the crack is very close to a free surface.
Generally any elastic mismatch causes this kind of change. The dominance of the stress
intensity factor which is coupled with the square-root singularity is then suppressed and the
stress field near a general stress concentrator can be described by the Generalized Stress
Intensity Factor (GSIF), denoted as H.
The T-stress, as the second fracture-mechanics parameter, is a non-singular quantity, often
characterizing the influence of the body geometry, or the constraint effect at the crack tip.
For an infinitely large solid body with a center through-thickness crack, as one shown in
Figure 3.1 on the right, Williams derived an equation for the stress field near the crack front
in form of an infinite series [49]. The stress tensor components can according to the Williams
expansion be written as,
σij =
(
K√
2pir
)
fij (ϕ) +
∞∑
m=0
Amr
m
2 g
(m)
ij (ϕ) . (3.2)
The parameters of the series are explained in the following figures. The functions fij(ϕ) or
g
(m)
ij (ϕ) are goniometric functions dependent only on the angle ϕ in the polar coordinate
system.
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Figure 3.3: Stress components for the Cartesian and polar coordinate system
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The first constant of the Williams expansion, as written in Equation 3.2, represents the stress
intensity factor K. As seen from the expansion, this is the only singular term in the series.
The second constant A0 is related to the T-stress. Similarly some other constants could be
derived. Usually only the first term of the expansion (SIF) is taken into account and the
others are neglected, allowing a simple description of the stress field near the crack front just
by one finite parameter.
Irwin defined the SIF as,
Ki = lim
r→0
√
2pirσi(r, 0), (3.3)
where σi(r, 0) is the crack opening stress in a distance r in front of the crack tip, and the
subscript i denotes the loading mode I, II or III. One loading mode represents a simple
crack opening. General crack propagation can be superimposed by different basic modes.
Three basic modes are illustrated in Figure 3.4.
opening mode
sliding mode tearing mode
Figure 3.4: Three modes of loading that can be applied to a crack
The first mode is the opening mode I. This mode is usually the most energetically efficient,
so cracks usually tend to curve into the direction where they are loaded under this mode.
The second case in the figure illustrates the sliding mode II, and the third case illustrates
the tearing mode III.
In the vicinity of the crack, where the singular term prevails and the other terms of the
Williams expansion can be neglected, the stress tensor can be defined depending on the
mode in which the crack propagates,
σij(r, ϕ)
(I,II,III) =
K(I,II,III)√
2pir
fij(ϕ). (3.4)
Subscripts (I, II, III) denote one of the loading mode. The term fij(ϕ) represents gonio-
metric functions in polar coordinate system. Combing different modes, the stress intensity
factors or consequently stress tensors can be superimposed as given in the following relation,
σtotalij = σ
(I)
ij + σ
(II)
ij + σ
(III)
ij . (3.5)
3 THEORETICAL BACKGROUND ON FRACTURE MECHANICS 35
3.2.2 Numerical Methods on the Stress Intensity Factor Assess-
ment
Unfortunately only a few cases exist, when analytical solutions can be used to estimate the
stress intensity factor. Analytical solutions can be derived only for simple geometries and so
more complex geometries require numerical calculations to be used. In the course of time,
many different finite element methods for the stress intensity factor assessment have been
developed, each one having their pros and cons.
A brief description of selected methods is given in the following subsections.
Displacement extrapolation methods
This method is used to calculate the stress intensity factor K by knowing displacements
on the crack surface. To improve the square root singularity at the crack tip, the
collapsed quarter-point elements are widely used. Using of these elements leads to a
better description of the stress field and accuracy of the results near the crack front.
Various quater-point extrapolations were published by Barsoum [50] and Rhee [51],
[52].
The finite element mesh using the quadratic quarter-point elements is shown in Fig-
ure 3.5.
crack crack
1/4L3/4L
crack tip
y,v
x,u
nodes
elements
r3
5
2
4
1 �
Figure 3.5: Quater-point quadratic elements
The stress intensity factor expressed in terms of the opening displacements can be
written as [53],
KI =
E
3(1 + µ)(1 + κ)
√
2pi
2
[
4(v2 − v4)− v3 − v5
2
]
, (3.6)
KII =
E
3(1 + µ)(1 + κ)
√
2pi
2
[
4(u2 − u4)− u3 − u5
2
]
, (3.7)
where the parameter κ is κ = 3−4µ for plane stress conditions, and κ = (3−µ)/(1+µ)
for plane strain conditions. Node displacement in x-direction is denoted s u, and node
displacement in y-direction is denoted as v. The subscripts are related to the individual
nodes as shown in Figure 3.5.
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The method usually is implemented in commercial packages. Specifically in ANSYS
the command KCALC can be searched [53]. Since usually the displacements are the
solution of the finite element method, the extrapolation of displacements is more accu-
rate than extrapolation of stresses which are recalculated from the displacements. The
method is easily programmable since it consists only of the two previous equations,
but the knowledge of the stress state (plane stress or plain strain) is required.
Direct methods
The advantage of direct methods is that they are easily programmable, but usually
not implemented within standard finite element packages. The numerical results of
the stresses or displacements in front of the crack tip are extrapolated on analytical
solutions. The stress intensity factor is estimated from this extrapolation.
The opening stress near the crack tip for the first (opening) mode and for a crack
situated in the coordinate system shown in Figure 3.3 on the right (see the Williams
series in Equation 3.2) is,
σyy =
KI√
2pir
cos
ϕ
2
[
1 + sing
ϕ
2
sin
3ϕ
2
]
+ (neglected terms) ≈ KI√
2pir
fyy(ϕ). (3.8)
However, the stress intensity factor can be derived just from the previous equation,
when neglecting all, but the singular terms,
KI = σyy
√
2pir
fyy(ϕ)
. (3.9)
The stress intensity factor can be estimated from a different stress component as well.
By taking the numerically calculated stress field not far from the crack tip, the stress
intensity factor is directly estimated from Equation 3.9. The results are valid only in
the area very close the crack front where the singular term dominates.
The accuracy of the method can be improved by refining the finite element mesh or by
plotting the calculated stress intensity factor KI , (3.9) as a function of the distance r,
and extrapolating this function for r = 0, [54]. In the extrapolation the results near
the crack tip are discarded due to huge numerical errors caused by the singularity (see
Equation 3.3 where r approaching zero is multiplied by σ approaching infinity). The
process of the extrapolation is shown in Figure 3.6.
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Figure 3.6: Direct method extrapolation
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J-integral
This method is usually implemented in commercial packages as ANSYS or ABAQUS.
J-integral is a parameter of the elasto plastic fracture mechanics. It was first introduced
by Rice [55], [56]. The J-integral is basically derived from an energetic approach, but
rather than assuming the elasto plastic material, only the non-linear material behaviour
is assumed. Loading a solid body cannot distinguish between this two cases, because
the stress-strain curve might look the same for both of them. Unloading is, however,
different for both of these material models, so the non-linear behaviour can simulate
elasto plastic material only when no unloading at the crack tip happens. J-integral
thus cannot describe crack propagation. This has to be taken with care. It was proved
that for small scale yielding conditions assuming linear elastic case, the J-integral is
equal to the crack driving force and consequently to the stress intensity factor,
J = G =
K2I
E ′
, (3.10)
where for plane stress E ′ = E, and for plane strain E ′ = E/(1 − µ2), and µ is the
Poisson’s ratio.
In ANSYS the command JINT can be searched. More information can be found also
in the ANSYS manual [53].
Crack driving force
Crack driving force was introduced in Equation 3.10 from which the stress intensity
factor can be derived. Crack driving force is an energetic parameter and it can be
calculated from the strain energy stored in a loaded body with a crack. For two different
configurations with different crack lengths the energy stored in the body differs. Crack
driving force can be calculated subtracting these two energies based on the following
equation,
G ≈ [U(a)− U(a+ δa)]
δa ·B , (3.11)
where U(a) represents the strain energy for the initial crack configuration, U(a + δa)
represents the strain energy in the solid body where the crack has grown for a small
length δa and B is the body thickness.
Knowing the crack driving force, Equation 3.10 can be used to calculate the stress
intensity factor.
The first three methods can be used also for a 3D crack configuration where the stress
intensity factor is calculated for a chosen point on the crack front. The method based on
the crack driving force can in 3D solid body give only an average value of the SIF along the
crack front.
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3.2.3 Estimation of the Crack Propagation Direction
The angle of the next crack increment in a 2D body can be calculated iteratively by knowing
the stress intensity factors for the first and the second loading mode. The basic criteria for
assessment of the next crack increment are described in the following:
• maximal tangential criterion
This criterion was proposed by Erdogan and Sih [57]. The main idea is that the crack
propagates in the direction of the maximal tangential stress. It is possible to derive an
analytical solution which takes the following form,
θ = 2 arctan
1
4
KI
KII
± 1
4
√(
KI
KII
)2
+ 8
 , (3.12)
where θ is the angle by which the crack direction will change with respect to the
previous direction, KI and KII are the stress intensity factors for the first and the
second loading mode, separately. This criterion is the most simple one and it was used
to simulate crack propagation in this thesis.
• maximal strain density criterion
The criterion was proposed by Sih [58]. According to this criterion the crack propagates
in the direction where the strain energy density is maximal. Strain energy density can
be expressed in terms of stress intensity factors,
w =
1
2
σijεij =
S(K(I,II))
r
, (3.13)
where S is a function of KI , KII and goniometric terms.
The angle can be found by looking for the stationary points,(
∂S
∂θ
)
θ=θ0
= 0,
(
∂2S
∂θ2
)
θ=θ0
< 0. (3.14)
Another theories on crack growth direction are for instance the modified maximal tangential
stress criterion [57], [59] or the maximum strain energy release rate criterion [60].
Crack propagation in the commercial package ANSYS was described in the author’s bach-
elor’s thesis [4]. The algorithm proposed in the bachelor’s thesis was expanded of solving
axisymmetric problems and used for herein solved 2D problems. Testing of the algorithm was
performed on many examples for which analytical solutions are known. Detailed description,
testing and accuracy is given in [4].
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3.2.4 Plastic Zone Size
Linear elastic fracture mechanics is usually restricted in the size of the plastic zone. The
plastic zone should be relatively small and therefore the LEFM is valid mostly for brittle
materials. The size of the plastic zone can be calculated using different approaches. The
most simplified ones assuming the plastic zone to have the shape of a circle were proposed
by Irwin,
ry =
1
2pi
(
KI
σy
)2
, (3.15)
where ry is plastic zone radius as shown in Figure 3.7 , KI is the stress intensity factor for
the first opening mode, σy is the uniaxial yield strength of the material.
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Figure 3.7: First and second order approximation of plastic zone size
This relation was derived from the linear elastic model of material. A more realistic approach
is to take an elasto plastic material which has a restriction on stresses. The plastic zone
considering the plane strain conditions would be now twice as big as in the previous case.
It was observed that for many polymer materials the strip-yield model first proposed by
Dugdale [61] and Barenblatt [62] can be used to simulate crazing at the crack tip. Crazing
is a mechanism by which a crack in polymer materials usually propagates. In this model the
strip-yield plastic zone in an infinite plate is modeled by assuming a crack of length 2a+ 2ρ.
The length ρ represents the size of plastic zone with a closure stress equal to the yield
strength of the material σy applied at the crack tip. This situation is shown in Figure 3.8
This model superimposes two elastic solutions, one where the crack is in tension and another
one where the crack is loaded with closure stresses at the tip. In this model the stresses
are finite and the crack tip cannot be described by the singularity r1/2. The size of the
plastic zone is then calculated in the way that the stress intensity factors from these two
superimposed solutions cancel. The solution of this approach is,
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a
a+ ρ
= cos
(
piσ
2σy
)
. (3.16)
plastic zone
crack crack
2a 2a+2 ����
� �
Figure 3.8: Strip yield model
Applying Taylor series expansion to the equation and neglecting higher terms, the plastic
zone size is,
ρ =
pi
8
(
KI
σy
)2
. (3.17)
Real shape of the plastic zone in an infinite plate can be analytically obtained for instance
by the von Mises Yield Criterion. Using the first order approximation of the plastic zone
(3.15) the shape can be estimated as follows,
r(ϕ)plane strain = ry
(
3
4
sin2(ϕ) +
1
2
(1− 2µ)2 (1 + cos(ϕ))
)
. (3.18)
To properly describe the size and the shape of the plastic zone at the same time is extremely
difficult. For more complex problems the finite element analyses can be used.
A B C D
Figure 3.9: Plastic zone shapes
Size of the plastic zone is of a huge importance when applying the linear elastic fracture
mechanics. The restriction for this approach to describe the crack properly is that the
plastic zone is relatively small and it can be neglected. There are four examples in Figure 3.9
showing different sizes and shapes of the plastic zone where only the first one (case A) is
relevant for LEFM usage.
Chapter 4
Problem Formulation and Aims of
Diploma Thesis
Developing numerical tools and methodologies which would allow simple engineering calcu-
lations of pipe systems is important. The current research has been dealing mostly with the
basic pipe material and the constitution of the joints of welded polyolefin pipes has been
only rarely investigated, so a more complex study of different failure modes in welded pipes
is still not yet available.
A typical lifespan of polyolefin pipes is approximately fifty years. Changes due to welding
introduce material inhomogeneity and stress raisers leading to lower resistance against creep
crack growth. This thesis is aimed to find the constitution of the connections using the
existing numerical tools (Finite Element Method (FEM), commercial package ANSYS) and
to introduce a basic procedure for a welded pipe lifetime prediction.
The main goals of the thesis can be summarized as,
• development of a 2D axisymmetrical model simulating growth of a circumferential crack
in the basic pipe material,
• development of a 3D axisymmetrical model simulating growth of an axial semi-elliptical
crack in the basic pipe material,
• introduction of material inhomogeneity into the models to find the constitution of
material properties on crack behavior,
• introduction of weld bead geometry (butt welding joint, electro-fusion welding joint)
into the models to find the constitution of the geometrical configuration on crack
behavior near the welded connections,
• estimation of residual lifetime of welded pipe systems based on the methodology of
Linear Elastic Fracture Mechanics (LEFM) using the concept of the Stress Intensity
Factor (SIF),
• discussion over the results and future related research possibilities.
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Chapter 5
Semi-Analytical Solutions of SIF in a
cracked Pipe
Analytical solutions of the Stress Intensity Factor (SIF) for pipes with a crack are difficult to
obtain, especially when it comes to a more complex geometry. A few solutions are possible
to derive, but they usually combine extrapolations from finite element method calculations
and simple analytical formulas.
Three simple examples are shown and derived in the following sections. The results of
the final solutions can be used for simple engineering calculations or they can be used for
checking the correctness of numerical solutions, and mesh refinement sufficiency in more
complex geometries.
5.1 Semi-Elliptical Surface Crack in a Pipe
A semi-elliptical surface crack represents a 3D case, in which the crack front takes an elliptical
shape, with the major axis being situated on the intersection of the inner pipe wall cylinder
and the cross section in which the crack propagates. A semi-elliptical surface crack in a pipe
is illustrated in Figure 5.1. The crack propagates only in the cross section plane.
Assuming the wall thickness to be negligible small in compare to the radius of the pipe, the
shell theory can be used to describe the stress field in the pipe. The tangential stress in this
case takes the following form,
σhoop =
pinR
s
, (5.1)
where pin is the inner pressure acting on the pipe wall, R denotes the mid-surface radius and
s is the wall thickness.
The stress intensity factor for a semi-elliptical crack in a solid body externally loaded can
be calculated based on the results of Raju and Newman [63],
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KI =
Cσ
√
pia
Θ
, (5.2)
where C is a constant depending on the ratio a/b (major and minor axis of the ellipse), on
the specimen thickness a/s and on the point on the crack front ϕ (see Figure 5.1). Neglecting
both of the constants in Equation 5.2, the relation describes a small through-thickness central
crack in an infinitely large solid body, as the well-known equation for this case is KI = σ
√
pia.
s
R
a
mid-surface
semi-elliptical 
crack
tangential 
stress
inner pressure
semi-elliptical 
crack
s
tangential 
stress
a
2b
deepest point of crack
pin 
pin 
�hoop
�hoop �hooppin 
�
Figure 5.1: Axial crack in a pressurized pipe with crack shape description
The constant C was derived by Raju and Newman using the finite element calculations and
it basically characterises the finite dimensions of the body and the crack front shape. The
constant Θ follows from the elliptical integral of the second kind. For a circular crack it
holds Θ = pi
2
. A small crack in a large solid body is negligibly effected by the boundaries
of the body and the constant C vanishes. Further, in the case of a semi-circular crack front
shape it approaches one. The stress intensity factor for a small circular crack in a large 3D
body is therefore KI = 2piσ
√
pia.
A general solution for the stress intensity factor in the deepest point (ϕ = 90◦) of a semi-
circular crack (a/b = 1) in a pressurized pipe is,
KI = C(
a
b
= 1, a
s
, ϕ = 90◦)
2
pi
pinR
s
√
pia. (5.3)
There is also pressure acting on the crack itself and this contribution has to be accounted
for,
KI = C(
a
b
= 1, a
s
, ϕ = 90◦)
2
pi
pin
√
pia. (5.4)
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The final equation superimposes the previous stress intensity factors (Equation 5.3 and
Equation 5.4), as the superposition for linear problems is possible,
KI = C
(a
s
) 2
pi
pin
(
1 +
R
s
)√
pia. (5.5)
For a semi-circular crack front shape and the stress intensity factor estimation in the deepest
point of the crack, the constant C is depended only on the ratio a/s. This ratio can be
estimated from the results of Raju and Newman [63]. For only semi-circular cracks and the
SIF estimation in the deepest point of the crack front (see Figure 5.1) the results of Raju
and Newman can be fitted using the leas-square method by the following function,
C
(a
s
)
= 1.014 + 0.167
(a
s
)
− 0.05
(a
s
)2
. (5.6)
The final equation for an estimation of the stress intensity factor of an axial semi-circular
crack in a pipe wall is,
KI =
2pin
pi
(
1 +
R
s
)√
pia
[
1.014 + 0.167
(a
s
)
− 0.05
(a
s
)2]
. (5.7)
When the crack shape changes from semi-circular to semi-elliptical the constant C and con-
sequently the stress intensity factor get higher. The worst crack shape (the ratio a/c = 0)
would make the result of the elliptical integral Θ = 1. This case would represent a crack
with the straight crack front for which a 2D model considering plane strain state could be
used. The stress intensity factor for this case would possibly be calculated using the results
of the single edge notched specimen.
The presented equation (Equation 5.7) is valid only for small cracks where the crack front
shape is close to a semi-circular shape and the crack is not influenced by boundaries of the
studied body.
5.2 Full Circumferential Crack in a Pipe
Full circumferential crack in a pipe is shown in Figure 5.2. The axial stress opening the crack
following from the shell theory is twice as small as the tangential stress,
σaxial =
pinR
2s
, (5.8)
where the notation is the same as in the previous example (p - inner pressure, R - pipe radius
(mid-surface), s - wall thickness).
The stress intensity factor can be calculated as,
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Figure 5.2: Circumferential crack in a pressurized pipe
KI = pin
(
R
2s
+ 1
)√
pia · Y (a/s), (5.9)
where the function Y (a/s) describing the geometry can be replaced by a function for the
single edge notched plate. The sum in the left bracket has the same meaning as explained in
the previous case - superimposition of the stress intensity factors, from the pressure acting
on the pipe wall, as well as on the crack surfaces. The final equation is,
KI = pin
(
R
2s
+ 1
)√
pia
(
1.122− 0.231
(a
s
)
+ 10.550
(a
s
)2
− 21.710
(a
s
)3
+ 30.382
(a
s
)4)
.
(5.10)
Accuracy for the function Y (a/s) is 0.5% for a/W < 0.6 [64].
5.3 Axial Through-Thickness Crack in a Pipe
When the semi-elliptical crack shown in the first example has outgrown the outer pipe wall
it starts to propagate in the axial direction, causing a through-thickness defect. This case
breaks the leak-tightness of the pipe. The crack shape and a short description is given in
Figure 5.3. The tangential stress in a thin-wall pipe is represented by Equation 5.1.
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Figure 5.3: Axial through-thickness crack in a pipe
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Assuming a very long pipe, the solution for the stress intensity factor follows the equation
for a large solid body with a small crack,
KI = σhoop
√
pia =
pinR
s
√
pia. (5.11)
To this equation Folias [65] introduced a correction factor Mf for bulging of the crack flanks,
Mf =
√
1 + 1.225
a2
Rs
− 0.0135 a
4
R2s2
, (5.12)
KI = σhoop
√
pia ·Mf , (5.13)
KI =
pinR
s
√
pia
(
1 + 1.225
a2
Rs
− 0.0135 a
4
R2s2
)
. (5.14)
More complex geometries require using of numerical methods to find the stress intensity
factor solutions.

Chapter 6
Numerical Models Description
To achieve the objectives of the thesis described in Chapter 4, different numerical models
of welded pipes containing a crack have been created. This chapter describes the basic
geometrical and loading parameters of these models.
A crack in a polyolefin pipe in real service propagates usually more than fifty years. Studying
the crack propagation and its description experimentally is a very time-consuming proce-
dure, even when performing accelerated tests. The aims of the thesis refer to the welding
connections of polyolefin pipes. These goals require comparing many different solutions and
configurations for which experimental testing would be very difficult and expensive. Devel-
oping numerical models gives an advantage of studying the problems more efficiently, since
also very long time processes can be simulated and analysed in shorter times and different
time frames of the process. It was noticed, that for some conditions (small scale yielding and
slow crack growth) which are valid for the studied problem, the Liner Elastic Fracture Me-
chanics (LEFM) can be used to solve a reliability of pipe systems. The presented numerical
models are based on the methodology using the LEFM, describing creep crack growth in a
polyolefin pipe in the basic as well as welded pipe material.
Different configurations which have been numerically studied are,
• butt welded pipes with removed weld bead from both outer and inner pipe surface,
containing an axial or circumferential crack,
• Butt welded pipes where the weld bead was not removed (general case used in praxis
nowadays), containing an axial or circumferential crack.
• implementation of inhomogeneous distribution of Young’s modulus for different inho-
mogeneity ratio Emax/Emin, varying from 1 (homogeneous pipe) up to 1.5, into the
previous models,
• butt welded pipes with non-optimal weld bead shapes considering different welding
conditions,
• optimal weld bead shape with various weld bead notch radius, varying from 1.1mm to
1.5mm,
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• electro-fusion welding joint containing a circumferential crack.
Electro-fusion welding is only marginally described in the end of the thesis, as it initially was
not the subject nor a goal of this thesis. However the results for the stress intensity factors
are compared to the butt welding joint, giving an outlook on the welding joint resistance to
creep crack growth.
6.1 Description of the Pipe Geometry
For the presented study, the polyethylene pipe from production of PipeLife was chosen
(PE-100 110 x 6.3 SDR 17.6).
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Figure 6.1: Geometry of butt welded pipes with different crack defects
Two different welding connections were studied - butt welding and electro-fusion welding.
As for the butt welding, different weld bead shapes have been considered according to the
experimental observations for different welding conditions (see Figure 9.1). Electro-fusion
welding joint was not studied in much details, but the results are used to show how it differs
to the butt welding joint in terms of lifetime safety and Slow Crack Growth (SCG). A butt
welded pipe with two differently oriented cracks (axial or circumferential) and different crack
initiation places is shown in Figure 6.1. Electro-fusion welding join is shown if Figure 10.1
in Chapter 10, where it is described separately.
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According to the presented geometry, different numerical models have been created as de-
scribed at the beginning of this chapter. Numerical models were used to predict lifetime of
the pipes for different assumptions and to make a conclusions on what effects are important
to be included into the welded pipe lifetime calculations. The results give an idea on how
the welding effects the lifetime and how it can be changed for better.
Dimensions of the pipe for numerical modelling are shown in Figure 6.1 (d = 110mm,
s = 6.3mm). For the purposes of calculations the considered length of the pipe system was
300mm. All the numerical models were developed and processed using the Finite Element
Method (FEM), where the commercial package ANSYS has been used.
Typical experimental conditions for the polyolefin pipe testing assume hoop stress σhoop =
6MPa. The relation between hoop stress and internal pressure can be expressed as,
pin = σhoop
2s
d− 2s. (6.1)
The applied internal pressure pin = 0.77MPa guarantees the desirable tangential stress
conditions. For all the numerical models, the pipe was assumed to stay at the room tem-
perature when the Young’s modulus of polyethylene for the basic material is E = 1750MPa
and the Poisson’s ratio is µ = 0.35. Furthermore, testing of HDPE pipes considers another
axial stress, just when the pipe system is closed. From the given values, the axial stress
is paxial = 2.8MPa. Numerical calculations were performed for both ”open” and ”closed”
pipe systems, to see the outer limits on the stress intensity factors. From this point now on,
referring to the open pipe system will be considered for a pipe without any outer axial pres-
sure acting on. For the closed pipe system, additional axial stresses are considered having a
magnitude of the same as the pipe system was closed.
6.2 Description of the Crack Front Shape
In 2D cases the crack is simply described just by one point - crack tip and the crack front
is considered as a straight line. The crack must however be defined depending on the stress
state, either in plane stress or plane strain conditions.
In 3D analyses the crack cannot be described simply just by one sharp point (crack tip),
where the stress intensity factor is easily estimated. Instead there is a crack front having an
arbitrary shape which can be represented by a general curve, depending on loading, boundary
conditions or geometry. The crack usually propagates with a close-to semi-elliptical shape,
and this case is also considered in the simulations presented in this thesis. Semi-elliptical
shape can be observed by many experiments and two cases from different failed parts of
polyolefin pipes are shown in the following figures (Figure 6.2 and Figure 6.3).
The semi-elliptical shape can be proved also by numerical calculations where it is considered
that the crack shape obeys the Paris-Erdogan law [28]. The consequences are that the point
of the crack front with a higher SIF would move faster than the others. For a very slow
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Figure 6.2: Fracture surface in a PE-
Pipe subjected to internal pressure only
[35]
Figure 6.3: Axial semi-elliptical cracks
in a pipe wall [66]
crack growth it can be assumed that the crack front stays in an equilibrium where the SIFs
are relatively the same for each point of the crack front.
It is possible to estimate the SIF e.g. in 30 points along the crack front and change the aspect
ratio of the semi-elliptical crack shape in order to find the real crack front shape according
to the previous statement. However the extrapolation paths along the crack front should
not be close to the free surface of the body. The reason for this is a presence of the vertex
singularity [67], [68], [69] near the free surface that significantly changes the stress field in
the vertex point at the free surface. At this point the SIF cannot be estimated correctly by
classical approaches of LEFM. The process of the SIF assessment using the direct method
on a symmetrical part of polyolefin pipes is described in Figure 6.4.
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Figure 6.4: Application of the direct method to obtain the SIF for a semi-elliptical crack
front
The direct method was explained in Chapter 3.2.2. Hutař et al. [3] published an approxima-
tive relation for the development of the semi-elliptical crack front in a homogeneous polymer
pipe as follows,
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b = a
[
−0.1936
(a
s
)2
+ 0.6628
(a
s
)
+ 1.0919
]
. (6.2)
Notation of the semi-elliptical crack dimensions is shown in Figure 5.1. The semi-elliptical
shape can be described by two parameters - length of major axis here denoted as 2b and
length of minor axis here denoted as a where this axis represents the crack length.
Obtaining the equation which would describe the semi-elliptical shape has to be based on
iterative methods. The iterative process begins with an initial crack front shape which is
chosen arbitrary but close to the expected crack front shape. Usually a semi-circular shape
is chosen. This will ensure decrease in number of iterations. After one iteration is performed
a SIF distribution along the crack front can be obtained using one of the methods for SIF
estimation (the direct method in this case) in a few points of the crack front. According to
this distribution the crack front will be changed in order to obtain a constant SIF distribution
along the crack front within a reasonable precision.
Generally in our case, four to five iterations had to be done in order to get the desirable
crack front shape just for one crack length. It can be deduced, that this is a very time
consuming procedure. However, once the equation is found, it can be used for all other
similar cases. The stress intensity factor for all the other cases (numerical models) in this
thesis was estimated on 30 paths along the crack front using the direct method. A flow
diagram of the procedure is given in Appendices.
In the cases, where the SIF distribution along the crack front was not constant (the crack
shape would be more complicated than given semi-elliptical shape), due to more complex
geometry, or material inhomogeneity, only one value in the deepest point of the crack was
always taken for description of the crack.

Chapter 7
Optimal Welding Conditions
This chapter describes material properties and numerical models of butt welded pipes ac-
cording to the optimal welding conditions outlined in ISO 21307 [1].
7.1 Optimal Welding Procedure of PE 100
Experimental data and material properties of butt welded regions shared in this thesis were
measured in cooperation with the Montanuniversität Leoben, Martin Luther University and
Polymer Competence Center Leoben. The polyethylene pipe from production of PipeLife
was chosen (PE-100 110x6.3 SDR 17.6). The welding was performed using ROWELD P160B welding
equipment. The welding regime was chosen depending on type of polymer material and the
dimensions of welded pipe.
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Figure 7.1: Optimal welding procedure according to the ISO 21307 [1]
Figure 7.1 illustrates the corresponding optimal welding procedure, which is composed of
the following five time intervals,
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1. alignment of the pipe joining surfaces t1 = 15s,
2. time for preheating of the joining surfaces t2 = 63s,
3. time of the removal of the heating plate t3 = 6s,
4. time to achieve joining pressure t4 = 6s,
5. cooling time of the weld at joining pressure t5 = 9min.
After this procedure (optimal welding conditions for given pipe) was complete, samples from
the experimental welded pipes were prepared and used for laboratory tests.
7.2 Material Inhomogeneity Implementation
The results of the micro-hardness tests show that a change of elastic material properties inside
the polyethylene weld can be found [17]. This correlation was presented in Chapter 2.5. An
experiment performed for polyethylene (PE-100 used in this study) (see Figure 7.2) and for
polypropylene (see Figure 7.3) shows the distribution of the Young’s modulus over the welded
region. This distribution was normalized to the basic pipe material (Young’s modulus of the
basic non-welded material). The ratio Emax/Emin for polyethylene (Emax/Emin = 1.07) and
for polypropylene (Emax/Emin = 1.3) was found. Indentation modulus is highest in the
center of the weld joint (red area in Figure 2.9) and decreases with proximity to basic pipe
material.
The material inhomogeneity presented in the weld can be modeled similarly to a Func-
tionally Graded Material (FGM) [70], [71] and taken into account in subsequent numerical
calculations.
Based on experimental experiences, the distribution of Young’s modulus across the weld E(z)
can be prescribed into the numerical model using a double power-law function as follows [72],
E(z) = h1(z)Emax + [1− h1(z)] Emin for 0 < z < w/2, (7.1)
E(z) = h2(z)2Emax + [1− h2(z)] Emin for w/2 < z < w,
where the functions h1,2(z) are,
h1(z) =
1
2
(
z
w/2
)p
for 0 < z < w/2,
h2(z) = 1− 1
2
(
w − z
w/2
)p
for w/2 < z < w.
The exponent p describes the change of material properties (here p = 2), and w represents
the half-width of the weld (here w = 7mm). Using Equation 7.1, the change of Young’s
modulus E(z) can be easily parametrized when the ratio Emax/Emin is known. The process
can therefore be used for different materials.
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The double power-law function (Equation 7.1) was implemented in the numerical models
using a temperature change. This function was discretized into twenty-one values for a
symmetric part, which were then linearly interpolated. Figure 7.4 presents the corresponding
distribution of Young’s modulus along the weld.
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basic
material
Figure 7.4: Implementation of material inhomogeneity into the numerical model
Within the commercial package ANSYS, the temperature is always linked with a mate-
rial property - Young’s modulus value. Since the Young’s modulus cannot be prescribed
to individual elements, the temperature is used to do so. In the structural analyses, the
temperature does not enter the calculations and therefore the values are not important,
rendering the temperature values unimportant. However, this approach does not require
creating special volumes or areas which would have to be meshed with different values of
elastics constants. Instead, different elastic constants are ascribed to different elements in
one volume. The pipe geometry is thus much simpler, especially for crack propagation sim-
ulations. The crack tip does not have to cross different areas, and the simulation can be
easily automated. An APDL code is given in Appendices.
7.3 Different Locations of Crack Initiation
Cracks usually initiate in places with high amount of stress, such as in weld bead notches and
locations with strong material inhomogeneity. As the first step of the numerical modelling,
a stress distribution in the butt welded pipes was estimated based on 2D axisymmetrical
models, without implementing a crack. The stress state corresponding to the typical inner
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pressure test of polyolefin pipes is shown in Figure 6.1 where the boundary conditions are
drawn and the pipe system is closed.
The deformed shapes of pipes with and without the weld bead are shown in Figure 7.5. The
deformation is scaled by a factor of six. The weld bead and the material inhomogeneity
make the area near the weld stiffer as seen from the deformation and do not allow this area
to undergo high radial displacements.
Figure 7.5: Deformation of welded pipes with different weld geometry (magnified six
times)
A typical initiation place for axial or circumferential cracks in the case of pipe with the weld
bead is near the weld bead notches as shown in Figure 7.6 and Figure 7.7. To obtain a better
image of the resulting stress field, the welded areas were calculated with the highest ratio of
Young’s modulus Emax/Emin = 1.5. While stress distribution is not significantly altered by
changes in inhomogeneity, the magnitude of the resulted stresses is greatly affected.
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Figure 7.6: Axial crack initiation (tan-
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The axial crack is governed by hoop (tangential) stress, which is strongly localized in the
area near the weld bead. The magnitude of the stress is largely dependent on the weld bead
geometry and the notch radius. The crack initiation is therefore estimated to appear near the
stress concentrators (indicated by the red color int the figures). Due to high stiffness in the
region of the weld, the axial crack propagation is assumed to continue in the weld-affected
area as shown in Figure 7.6.
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The circumferential crack is governed by axial stress. It initiates near the weld bead notches,
and propagates as shown in Figure 7.7.
In the case of a removed weld bead, stress states for welded pipes are as illustrated in
Figure 7.8 and Figure 7.9. There are no weld bead notches in the weld, but the material
inhomogeneity is a major influence on stress distribution and its magnitude. Due to inho-
mogeneity in material properties, the stress is concentrated in the center of the weld, where
a possible crack initiation area is located just there. Axial crack propagation governed by
hoop stress is given in Figure 7.8. As for the circumferential crack, the following two cases
have been considered - the crack initiates either in the middle of the weld (1) or in the border
of the weld (2) from the position as it was in the previous case, when the weld bead notch
was present, see Figure 7.9.
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Figure 7.9: Circumferential crack initi-
ation (axial stress)
All four cases were numerically studied and compared using different inhomogeneity ratios.
The evaluation of the stress intensity factor is given in the following sections. The numerical
models for welded pipes with removed weld beads are simpler and therefore discussed first.
End of the following section deals with more complicated weld bead geometry.
7.4 Stress Intensity Factor Assessment
The Stress Intensity Factor (SIF) is the most important parameter of the Linear Elastic
Fracture Mechanics (LEFM), and it will be used in Chapter 11 to assess the time of Slow
Crack Growth (SCG). Describing crack growth kinetics it can be used to compare safety of
a structure (welded polyolefin pipes in this case) and its resistance to unstable crack growth.
Different methods for assessing the SIF were described in detail in Chapter 3.2.2. Assessment
of the SIF in this chapter will be first shown for welded pipes with a crack where the weld
bead has been removed. Then, the assessment for pipes where the weld bead has not been
removed is presented. The results will be used to describe the tendency of crack growth to
become unstable, and an important question about whether or not the weld bead should be
removed will be answered.
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7.4.1 Weld Bead Removed - Axial Crack Propagation
For the pipe with an axial crack, a 3D finite element numerical model had to be created.
Geometry of the model is as described in Figure 6.1, exluding the weld bead. The presence
of symmetry also gives the advantage of requiring a model for only a quater of the welded
pipes. The mesh with a mesh refinement near the crack is shown in Figure 7.10.
Figure 7.10: Finite element mesh near the semi-elliptical axial crack
For calculation time to be efficient, the quadratic elements (SOLID186) were used only in the
area near the weld (squared volume containing the crack in Figure 7.10). All the elements
outside that area were linear (SOLID45). The number of elements used was approximately
150 000, which is sufficient for making a good description of the stress field of pressurized pipe
with a crack where the mesh is refined near the crack front. According to analytical solutions
based on the shell theory, the mesh density outside the crack region was also calculated to
be sufficient. Mesh density near the crack front and assessed stress intensity factor precision
was also checked with the semi-analytical solutions given in Chapter 5. In addition, the
results of the homogeneous pipe were compared to relevant literature [3]. At the end of this
chapter, the comparisons are given, and both their precision and relevance are verified.
Boundary conditions used in the numerical model correspond to the standardized testing
of closed polyolefin pipe systems. The pipe was assigned an internal pressure with corre-
sponding hoop stress σhoop = 6MPa. The welded areas were modeled by implementing the
change of Young’s modulus in the double power law function (Equation 7.1), as described in
Chapter 7.2.
The crack propagation was simulated using an initial crack length of 0.1mm which grew to
4mm over the course of the numerical calculations. The crack shape was assumed to be
semi-elliptical and governed by Equation 6.2, as proposed in [3].
For different ratios of Young’s modulus, varying from 1 (homogeneous pipe) to 1.5 (highly
inhomogeneous weld), the stress intensity factors data were calculated and graphed (see
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Figure 7.11). The influence of the inhomogeneity can be seen in Figure 7.11. The direct
method was used for the stress intensity factor estimation.
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Figure 7.11: Normalized values of the SIFs for axial cracks within different ratios
Emax/Emin
In the case of a homogeneous connection, the stress intensity factor values are constant along
the semi-elliptical crack front. However, due to the vertex singularity [67], the values lose
their meaning when they are measured too close to the free surface. Propagation into a
semi-elliptical shape is the natural result under normal conditions. However inhomogeneity
or a more complex geometry will cause the crack front to take a rather general shape. Since
all numerical models with the axial crack were forced to produce the semi-elliptical shape,
and only one value of the stress intensity factor has to be considered, taking the highest
value from the deepest point of the crack is the most relevant choice.
Since the stress intensity factor for mode I is usually expressed as a function of following
[27], KI = σhoop
√
piaY (a/s), the values were normalized with respect to hoop stress (σhoop)
and length of crack a. The black bold line represents the stress intensity factor related to
the homogeneous pipe (Emax/Emin = 1). This was taken as a reference case to which all
other solutions could be compared.
From these results, it can be concluded that presence of the inhomogeneity
increases the value of the stress intensity factor and depends approximately
linearly on the ratio of Young’s moduli. The following formula is therefore
verified,
KI ≈ Emax/Emin. (7.2)
7.4.2 Weld Bead Removed - Circumferential Crack Propagation
For the pipe with a circumferential crack, an axisymmetry can be used to make a two dimen-
sional model (see Figure 7.12). It is important to note that when using the axisymmetry, it
was assumed that the crack front shape is circular with the same crack length for all points
around the pipe.
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Figure 7.12: Finite element mesh near the circumferential crack
The mesh density was refined near the crack tip, as seen in Figure 7.12. Quadratic ax-
isymmetric elements (denoted PLANE183 in ANSYS) were used near the welded area. To
decrease the computational time, linear axisymmetric elements (denoted PLANE42) were
used outside the welded area.
Due to the symmetry, the crack propagation is straight. An algorithm proposed in the
author’s bachelor’s thesis [4] was used to simulate the crack propagation. The precision of
the algorithm with respect to the stress intensity factor is described in the bachelor thesis.
The initial crack length was assigned to be 0.1mm, the same as in the case with the axial
crack. The location of crack initiation is shown in Figure 7.9. The corresponding SIF graph
considering circumferential crack is shown in Figure 7.13.
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Figure 7.13: Normalized SIF values for circumferential cracks for different ratios
Emax/Emin
A similar increase in the stress intensity was observed for both the axial crack case (Fig-
ure 7.11) and the circumferential case (Figure 7.13). The distance between the middle of the
crack initiation and the border of the welded zone (approximately 2.8mm according to the
optimal weld bead geometry) was found to have a negligible effect on the stress intensity.
It’s important to emphasize that the boundary conditions used here (closed pipe system)
induce high axial stresses in comparison to an open pipe system. Therefore, in practical
applications where a relatively long pipe system is used, decreased stress intensity due to
decreased axial stress can be expected, making these results quite conservative.
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Chapter 7.5 presents an analysis of these results, comparing them with the corresponding
results for the homogeneous pipe cases with removed weld bead.
7.4.3 Weld Bead Kept - Axial Crack Propagation
Assuming an optimal weld shape, the numerical model estimating stress intensity in the case
of an axial crack is shown in Figure 7.14. In this case, only one plane of symmetry can be
found.
Figure 7.14: Finite element mesh near the semi-elliptical axial crack
An example of crack initiation and how it may propagate is shown in Figure 6.2. A simulation
of the crack propagation was run in very much the very same way as it was run for the pipe
without the weld bead. The initial crack length started with 0.1mm and grew up to 4mm.
The axial crack had the same shape as described by equation Equation 6.2, proposed in
[3]. The results in Figure 7.15 show that keeping the weld bead has a positive effect on
decreasing the stress intensity factor. However, for small cracks when a/s < 0.1, the stress
intensity factor is higher (and similar to the intensity for axial cracks in homogeneous pipe),
due to the stress concentration at the weld bead notch. For longer cracks a/s > 0.1, a higher
stiffness of the weld bead reduces the stress intensity factor, and independently with respect
to the ratio Emax/Emin. The KI values are smaller than for axial crack in the basic material.
7.4.4 Weld Bead Kept - Circumferential Crack Propagation
The propagation of the circumferential crack was simulated by the Maximal Tangential Stress
(MTS) criterion. The stress intensity factors were estimated from the nodal displacements
near the crack tip for both the first (KI) and the second (KII) mode of loading. Figure 7.16
illustrates the numerical model.
The numerical calculations were done in a similar way as in the axisymmetric model, but
without the weld bead geometry. The results are plotted in Figure 7.17. In this case, the
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Figure 7.15: Normalized SIF values of axial cracks for different ratios Emax/Emin
Figure 7.16: Finite element mesh near the circumferential crack
stress intensity factors of small cracks (a/s < 0.1) are determined by the stress concentration
at the weld bead notch. In case of longer cracks, the KI is comparable to the stress intensity
factor value determined for an axial crack in homogeneous pipe.
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Figure 7.17: Normalized values of the SIFs for axial cracks for different ratios Emax/Emin
The influence of the material inhomogeneity is still visible but negligible in comparison to
the influence of the weld bead notch and its geometric concentrator.
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7.5 Accuracy of the Obtained Results
To validate the mesh density and accuracy of the numerical results, this chapter compares the
results with analytical solutions or some already published results. More complex geometries
solved later (weld bead geometry, inhomogeneous distribution) are meshed with the same
mesh refinement near the crack front (see Figure 7.10, Figure 7.12, Figure 7.14, Figure 7.16).
Precision of the circumferential crack propagation algorithm and the stress intensity factor
assessment is given in author bachelor’s thesis [4].
7.5.1 Accuracy for Axial Cracks
The stress intensity factor for an axial crack in homogeneous pipe without any weld bead
geometry was measured using Equation 5.7 presented in Chapter 5. Numerical results for the
axial crack in homogeneous pipe were presented by a black bold line in all the previous graphs.
These values were taken as reference values to which all other cases could be compared.
The results for the homogeneous pipe (black bold line) cases are in agreement with the stress
intensity factors published by Hutař et al. [3], where only the homogeneous pipe without a
weld bead and without material inhomogeneity was studied. The proposed function in [3] is,
KI =
pind
s
√
piaY
(a
s
)
, (7.3)
where
Y
(a
s
)
= 0.3417 + 0.0588
(a
s
)
− 0.0319
(a
s
)2
+ 0.1409
(a
s
)3
.
Another possible analysis is to compare the solution with the semi-analytical solution given
in Chapter 5, in which the results of Raju and Newman [63] for a semi-elliptical crack are
applied. Their results were also based on finite element calculations, but in a plate (not a
pipe) of finite dimensions. However, their results could be compared to simulations of large
diameter pipes with a thin pipe wall. Some of the restrictions are described in Chapter 5.
The three data sets (thesis numerical calculations, Equation 7.4, and the semi-analytical
solution Equation 5.7) are compared in the graph in Figure 7.18.
The results are almost exactly the same for all the three cases, especially when the crack
is small. Equation 5.7 obtained a lower SIF because the equation assumes a semi-circular
crack. As explained in Chapter 6.2, the crack front changes from being semi-circular to being
semi-elliptical. However, this change is not strong. The more the crack front changes, and
the higher the ratio a/b gets, the higher the SIF will be. This follows from the solution of an
elliptic integral of the second kind (see Equation 5.2). The semi-analytical solution should
therefore lead to higher numerically obtained SIF values, which would be even closer to the
numerically calculated results for the first two cases.
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Figure 7.18: Different approaches to measuring the SIF for axial crack in a homogeneous
pipe
7.5.2 Accuracy for Circumferential Cracks
The semi-analytical solution for circumferential cracks was presented in Equation 5.10. The
solution is valid only for a crack in a homogeneous pipe without a weld bead. The numerical
model results and the semi-analytical solutions are compared in Figure 7.19.
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Figure 7.19: Different approaches to measuring the SIF for circumferential crack in a
homogeneous pipe
For small cracks, all three data sets are almost identical. As presented in Chapter 5.2, the
function for the single edge notched plate loses its accuracy when the ratio a/s exceeds 0.6.
This may be the reason for the deviation from the numerical calculations. In addition, as
mentioned in the previous chapters, the algorithm for the circumferential crack propagation
did not take the pressure acting on crack surfaces into account. The algorithm was simplified
since the pressure on the crack surface is negligible for small cracks. In Figure 7.19. In
Chapter 11 the pipe lifespan prediction results show that small crack lengths correspond to
the majority of the propagation time, and all curves for longer cracks yield roughly the same
results.
Due to having similar discretization and SIF assessment, the results of other numerical
models presented in the thesis (for which analytical solutions were not possible) are relevant
for comparison.
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7.6 Crack Trajectories in Optimal Butt Welded Pipes
This chapter shows crack propagation of the circumferential cracks near the butt welding
joint. The trajectory of the axial crack is always perpendicular to the tangential stress, due
to symmetry and the semi-elliptical shape change described by Equation 6.2 in Chapter 6.2.
Assumptions on the axial crack propagation are given in Figure 6.2 and Figure 7.8.
The circumferential crack propagation for more complex geometries was performed based on
the maximal tangential criterion discussed in Chapter 3.2.3.
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Figure 7.20: Circumferential crack trajectories for different welding conditions
When the weld bead is removed, the circumferential crack propagates from the place with
the highest stress concentration, the middle of the inhomogeneous distribution. Since the
model is now symmetric the crack propagates straight without any change in the direction.
The stress intensity factor of the second loading mode is very small, approaching zero.
The circumferential cracks near a weld bead geometry propagate from the area of highest
stress concentration, the weld bead notch (see Figure 6.3). As the crack propagates, it curves
into the welded region and later it is attracted by the stress concentrator on the outer side
of the pipe wall. Crack propagation trajectory for different cases in PE pipe is given in
Figure 7.20.
For the closed pipe system, the high axial stress increases the KI/KII value, which is re-
sponsible for smaller crack curvature. The KI/KII value for the open pipe system is smaller
and the crack is curved more into the region of higher inhomogeneity. The graph shows also
the influence of inhomogeneity on the crack trajectory. The higher the inhomogeneity, the
less the crack curves.

Chapter 8
Comparison of the Optimal Butt
Welding Pipe Failure Modes
Previous chapters were dealing with different numerical models considering different ratio of
Young’s modulus (thus assuming different polyolefins), different geometry or a different type
of crack - axial or radial. In the following, all these models are gathered into two graphs just
for one material - polyethylene (PE) where the ratio of Young’s moduli is Emax/Emin = 1.1.
The graphs are seen in Figure 8.1 and Figure 8.2 and the homogeneous pipe’s data are added
as the black bold line. The same trend would be plot for any other ratio of Emax/Emin as
seen from the graphs presented in previous chapters.
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Figure 8.1: Normalized values of the SIF for axial cracks for different ratios Emax/Emin
The graphs here describe the weld either with or without the weld bead as shown on the
corresponding pictures. The boundary conditions corresponding to the testing of pipes where
the system is closed are denoted as ”closed pipe system”, whereas the boundary conditions
where no axial stress is added are denoted as ”open pipe system” where only the inner wall
pressure is acting on. Boundary conditions of the pipe system used in praxis are somewhere
in between. The system is usually not closed because of the flowing medium, but additional
axial stresses should be considered as well. It is therefore recommended to analyse the data
with respect to different boundary conditions.
Analysing the graphs the following conclusions can be drawn.
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Figure 8.2: Normalized values of the SIF for axial cracks for different ratios Emax/Emin
In case of a pipe without the weld bead the circumferential crack signifies no danger because
in the whole range of a/s the stress intensity factor is smaller than the stress intensity factor
of the axial crack in a homogeneous material. Therefore, after removing of the weld bead the
dangerous configuration is the axial crack initiated in the middle of the weld (at the inner
pipe wall) and propagating inside the welded region. Additionally, this area is a week point
of the structure, due to a decrease in resistance against slow crack growth (demonstrated
in Chapter 2.3) and possible defect existence on the welded surfaces. An increase of the
stress intensity factor is dependent on the ratio Emax/Emin. In the case of polyethylene weld
the stress intensity factor is 10% higher than for the basic pipe material. In the case of
polypropylene the difference in the K can reach 30%, which can significantly decrease final
residual lifetime of the pipe.
An advantage of the weld with remained weld bead is that the area of the worst material
resistance against the slow crack growth (middle of the weld) is covered by additional material
and crack initiation in this area is impossible due to compressive stresses in the weld bead
on the inner pipe surface, see Figure 7.7. A disadvantage is the presence of the stress
concentration around the weld bead notch. In this area both the axial or circumferential
cracks may initiate. In the case of axial crack the stress intensity factor is quite similar to
the stress intensity factor in the homogenous material. Also the material properties in this
area would be comparable to the basic pipe material, which can be documented by similar
crystallinity in this area as well as by the values of indentation modulus (see Chapter 2.3).
Circumferential cracks in the weld are strongly affected by the stress concentration produced
the by weld bead notches especially when it comes to small cracks where a/s < 0.1. The
value of the stress intensity factor is then significantly higher than for the axial crack in
the homogenous case. But, the stress intensity factor for presented ”closed pipe system”
is a conservative overestimation of the real values, because the axial stress in the real pipe
system is probably lower then applied when pipe testing. Growing the circumferential crack
is not perfectly circumferential especially in case of small cracks and stress concentration in
the notch tip is partially reduced by plastification of the material in the notch.
Chapter 9
Non-Optimal Welding Conditions
Until now, only the optimal welding conditions have been discussed. This chapter gives a
short outlook onto the non-optimal welding conditions to show how they could be changed
in order to optimize the welding joint for a better fracture resistance. Two different non-
optimal weld bead shapes have been studied in this thesis. These are illustrated in Figure 9.1
on the right.
Figure 9.1: Different weld bead shapes for optimal and non-optimal welding conditions
The weld bead illustrated on the left represents the optimal weld bead shape. The welding
conditions for this case were discussed in Chapter 7.1 and the welding process was described
in Figure 7.1. The two studied non-optimal weld bead shapes are produced when,
high joining pressure
joining pressure was increased from 0.15MPa (optimal welding conditions) up to
0.75MPa,
longer time for preheating
preheating of the joining surfaces was increased from t2 = 63s to t2 = 126s.
For numerical modelling the geometry of the pipe is the same as heretofore used (see Fig-
ure 6.1).
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Figure 9.2: Normalized Young’s modulus from micro indentation tests for different weld-
ing conditions
Figure 9.2 illustrates the inhomogeneous distribution of Young’s modulus for the three stud-
ied welding conditions. In all cases the inhomogeneity is highest in the center of the weld
and decreases with proximity to basic material. The same function (Equation 7.1) was used
for the inhomogeneous description for all the three cases (black bold line in the figure).
It was shown that the inhomogeneity increases the Stress Intensity Factor (SIF) almost
linearly with increasing the ratio Emax/Emin, either the axial or the circumferential crack.
This is valid also for different weld bead shapes.
The following calculations were performed only on axisymetrical models with circumferential
cracks. The methodology of obtaining the SIF and the numerical model procedures were
described in Chapter 6. This chapter therefore describes only the obtained results as the
used methods remain the same.
9.1 Influence of Weld Bead Shape
Influence of different weld bead shapes is shown in Figure 9.3, expressed in terms of the stress
intensity factor. Comparing the values of the SIF for different geometries (see Figure 9.3)
suggests that the non-optimal shape caused by high pressure represents the worst case. The
difference is highest mainly for small cracks (a/s < 0.2). For longer cracks the stress intensity
factors are approaching the same value and the shape of the weld bead looses its meaning
there. However, the most of the time of crack propagation is concentrated in small cracks
and the weld bead shape is important. Especially the volume seems to be the parameter
influencing the stress intensity factor rather than the shape of the weld bead.
The reason for higher SIF in case of having the weld bead produced by higher pressure
can be explained by looking at the deformation of the pipe in Figure 9.4. The pipe system
is considered to be closed and pressurized. The stiffer the welded area is the higher the
deformation near the weld bead appears. This deformation adds bending stresses to the
axial stresses induced by the inner pressure in a closed pipe system. The bending is caused
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Figure 9.3: Normalized stress intensity factors for different weld bead shapes
by the inhomogeneous distribution of Young’s modulus and by the amount of material in the
welded region. Deformed shapes for different weld bead shapes are magnified with a factor
of 100 and compared in Figure 9.4.
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Figure 9.4: Deformation of the pipe wall for different weld bead shapes
The crack initiates usually very close to the stiffer welded area which is due to higher bending
stresses the reason for having higher values of the SIF. It can be concluded that having more
material in the welded region or higher inhomogeneity leads due to deformation to higher
stress intensity factor values. This is, however, valid only for the circumferential crack and
the opposite effect was observed when having an axial crack. The amount of material can
be thus optimized to ensure good properties for both types of cracks. From all of the three
studied weld bead shapes the optimal one is the best case in terms of service lifetime.
9.2 Influence of Weld Bead Radius
The influence of the weld bead radius was studied on the optimal weld bead shape. The
optimal weld bead shape geometry with varying radius is shown in Figure 9.5.
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Figure 9.5: Weld bead radius geometry
Various radii were considered from the interval from 0.07mm to 0.5mm. Smaller radius
may influence crack initiation time to shorter times but in overall it does not influence the
further crack propagation since the change in the stress concentration is just local and very
small. This insignificant change of the SIF is shown in Figure 9.6. The creep crack growth is
influenced much more by the inhomogeneity of the welded region or by the weld bead shape
as shown in the previous chapter.
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Figure 9.6: Normalized stress intensity factor values for different weld bead notch radius
9.3 Crack Trajectories for Various Welding Conditions
Crack trajectories for different welding conditions are illustrated in Figure 9.7. Circumfer-
ential cracks initiate near the weld bead notches and continue to propagate through the pipe
wall. From the crack trajectories it can be seen that the crack is influenced by the stress
concentrations of the weld bead notch and later the trajectory is curved back attracted by
the stress concentration of the opposite weld bead notch. Trajectories for different weld
bead shapes are given in Figure 9.7, where the y-axis is scaled to see the curvature of the
crack path. The curvature is highest for the optimal weld bead shape but as seen in the
small figure in the graph this change is hardly recognizable using the true scale. All the
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results correspond to HDPE pipe with the ratio of Young’s modulus in the welded area
Emax/Emin = 1.1.
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Figure 9.7: Circumferential crack trajectories for different weld bead shapes
The origin of the coordinate system is in the place from which the crack started to propagate.
The x-axis is related to the radial direction and the y-axis to the axial direction as seen in
the figure.

Chapter 10
Crack Propagation in Electro-Fusion
Welded Pipes
Electro-Fusion welding is another welding technology for connecting of two polyolefin pipes.
The technological process was briefly described in Chapter 2.4.2.
A simple drawing of the electro-fusion welding joint in compare to the butt welding joint is
shown in Figure 10.1.
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Figure 10.1: Geometry of welded pipes showing the butt or electro-fusion welding con-
nection
The butt welding joint and the electro-fusion welding joint are visibly different. While there is
only one connection in the butt welded pipes, there are two connections in the electro-fusion
welded pipes (see also Figure 2.8). The welding technology and the process of connection
was described for both of the connections in Chapter 2.4.
If theses two welding joints are to be compared, the very same pipe (PE-100 110 x 6.3 SDR 17.6, see
Figure 6.1) geometry has to be studied here, just the connection is different. The circum-
ferential crack usually propagates from the sharp notch at the edge of the welded region, as
sketched in Figure 10.1.
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10.1 Numerical Model
Deformation of the pressurized pipe according to the boundary conditions (see Figure 10.1
and Figure 6.1) is shown in Figure 10.2.
electric4wires4(welded4region)
high4stress4concentration
pin4=40.774MPa
axial4stress4
(¨closed4pipe4system¨)
s=6.34mm
t=14.34mm
Figure410.3
paxial
paxial4
=42.84MPa
Figure 10.2: Deformation of pressurized electro-fusion welded pipes (deformation is
scaled with factor of 100)
The welding connection is stiffer than the rest of the pipe system, but there is a visible
sharp notch near the welded region. To simulate a circumferential crack propagation the
axisymmetry is used, and only a 2D model is created, similarly to the previous.
Mesh density with the mesh refinement near the critical places is shown in Figure 10.3. (The
figure is turned 90◦ from the previous figure.)
Figure 10.3: Mesh refinement near the welded and non welded region (holes represent
the electric coil)
An initial stress concentrator from which a circumferential crack propagates is created by
the sharp notch at the end of the weld, and also near the places of the electric coil. The
coil was not considered in the simulations. Instead, only small holes were created. By this
assumption the coil is not in contact with the material. The holes are too small to have any
stronger effect on further crack propagation and only crack initiation can be influenced.
As the basic pipe material properties for the numerical model the polyethylene was taken.
The Young’s modulus of the material is approximately Emin = 1750MPa. The Poission ratio
was considered µ = 0.3. The change of inhomogeneous distribution of Young’s modulus near
the welding joint influenced by the welding process was not taken into account and the same
Young’s modulus has been applied for all parts of the assembly.
In ANSYS, the 2D axisymmetric element denoted as PLANE182 and PLANE183 were chosen
to discretize the domain. The first one is a linear element and was used in the area further
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from the stress concentrations in order to reduce the calculation times. The letter one is
a quadratic element used near the stress concentrations and near the crack tip where high
gradients of stresses appear.
10.2 Crack Propagation
The circumferential crack propagation with the initial place from which the crack started to
propagate is shown in Figure 10.4.
Figure 10.4: Crack propagation from the sharp notch crossing the nearest hole (on the
left a = 1.5mm, on the right a = 3mm), von-Misses stress distribution
The deformation on the figure is 10 times magnified. As the crack propagates from the first
hole, it does not seem to be influenced by the second one, and from the very beginning
it turns into the radial direction in which is driven by the high axial stresses. The same
situation arises for an open pipe system, but the curvature is milder. Crack propagation
was simulated by the MTS criterion implemented in an APDL macro proposed in author’s
bachelor thesis [4]. Important results on the Stress Intensity Factors (SIF) are graphed in
the following chapter.
10.3 Comparison of the Electro-Fusion and Butt Weld-
ing Joint Failure Modes
Resistance to crack propagation is given in terms of the stress intensity factors. The calcu-
lated stress intensity factors for open and closed pipe system in compare to the butt welding
results are shown in Figure 10.5.
The SIF is plotted as a function of crack length a, because the ratio a/s is not appropriate
here. The reason for this is that in the electro-fusion welding joint the crack changes its
direction from axial to radial.
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Figure 10.5: Stress intensity factors for the circumferential cracks for different welds
High SIF values for small cracks rapidly decrease pipe’s lifespan. These values should be as
low as possible. For the electro-fusion welding joint the values of the SIF are almost twice
that high than for the butt welding joint from which it can be concluded that the electro-
fusion welding joint resistance to slow crack growth (because of its geometry configuration) is
much lower. According to these results, the lifetime of the joint is calculated in the following
chapter.
The following figure illustrates the difference between the two welding connections and crack
propagation for the same pipe.
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Figure 10.6: Crack propagation in electro-fusion and butt welding joint (plotted σaxial
stress)
In the electro-fusion welding joint the crack trajectory (1) is when the pipe system is closed
and the trajectory (2) when the pipe system is open.
Chapter 11
Lifetime Prediction of PE 100
The final chapter of the thesis discusses the problematic of the polyethylene pipe lifetime
prediction. The first part of the chapter is devoted to the material properties of PE 100
measured with the cooperation of the Martin-Luther University, Montanuniversität Leoben
and Polymer Institute Brno. These material properties of the welding joint should be taken
into account when assessing lifetime prediction, especially with respect in what region of the
pipe the crack propagates.
The second part of the chapter is devoted to the lifetime prediction of PE 100 110x6.3 SDR 17.6
using the results of the presented numerical models based on the Linear Elastic Fracture
Mechanics (LEFM) methodology.
11.1 Material Properties of PE 100
11.1.1 PE 100 Short Term Properties
Short term experiments performed at the Martin-Luther University for polyethylene pipe
material (PE 100) are given in this chapter. The results compare the basic pipe material
and the welded material.
Crack resistance (R) curves for polyethylene PE 100 were determined in form of J-integral
versus stable crack growth ∆a, using a universal testing machine (Zwick Z020) at a crosshead
spead of 10mm/min at the room temperature. As a result of higher degree of crystallinity
inside the welding joint (see Figure 2.9), both the resistance against stable crack initiation
(J0,2) and resistance to stable crack propagation (Tj) are higher inside the welding joint than
in the basic material. This is shown in Figure 11.1.
However, these short-term tests do not correctly describe long term properties of material in
actual applications. The reason is that polyolefin pipes do not undergo so high deformation
rates in real service when failing due to the slow crack growth. Therefore long-term tests
have been performed to differentiate between good and bad welds. These are described in
the sections below.
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Figure 11.1: Resistance against stable crack initiation (J0,2) and stable crack propagation
(Tj) in the basic and welded material [17]
11.1.2 PE 100 Long Term Properties
Long term properties of welded pipes are in a better way described by Pennsylvania Notch
Tensile (PENT) Test or Cracked Round Bar (CRB) tests. Both of these tests were described
in Chapter 5.7. As the short term tests on one side show that the weld itself has better
mechanical properties, the long term test on the other side result just in the opposite.
To properly describe the long term properties, the fatigue tests using CRB specimens directly
lathed from the pipe wall were performed. The testing conditions were applied (frequency
of 10Hz, R-ratio of 0.1, temperature 23◦C). Specimens were circumferentially notched with
a fresh razor blade in welded area. Comparison between the optimal weld and the basic
material is shown in Figure 11.2.
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Figure 11.2: Number of cycles until failure of PE 100 pipe welds and pipe material as a
function of the maximum applied KI (according to DVS 2207-1) [73]
It can be seen that the pipe material itself shows significantly better resistance against fatigue
loading than the welded area [74].
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Figure 11.3: Evolution of the COD measured by PENT test (Polymer Institute Brno)
The results of the CRB test were confirmed by a PENT test. Specimens were also prepared
directly from the welded pipe wall as described in the paper [75]. The notch was made
by pressing a fresh razor blade into the specimen at a constant speed of 330µm/min. The
kinetics of the failure process is observed under a constant nominal stress of 2.4MPa and
temperature of 80◦C. In general the stress for brittle failure caused by slow crack growth
should be less than one-half of the yield point at the particular testing temperature. The
Crack Opening Displacement (COD) was measured with an optical microscope with the
resolution about 2µm. The evolution of the COD for welded and non-welded specimen is
shown in Figure 11.3
The basic pipe material according to these results has also a better resistance against the
creep crack growth propagation than the welded material itself. These experimental re-
sults are also in a good agreement with the results published by [76] for the high density
polyethylene (P6B00BL).
Generally, based on the experimental observations (see Figure 11.2 and Fig-
ure 11.3) it can be concluded that the slow crack growth resistance of the
polyethylene weld (PE 100) is due to the microstructural changes (see Figure 2.9)
lower in the welded area in compare with the basic material.
This is very important when assessing lifetime of a pipe system. Crack propagation near
the welded region will be effected by lower resistance to creep crack growth consequently
leading to a decrease in pipe’s lifetime. It is therefore important to distinguish between
crack propagation in the basic and welded material when calculating the lifetime.
11.2 Lifetime Prediction Based on the Numerical Mod-
els
This section is discussing a methodology for polyolefin pipe lifetime prediction based on the
concepts of the Linear Elastic Fracture Mechanics (LEFM). This methodology was exten-
sively studied for instance by [77], [3].
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The region of the stable slow crack growth can be described by a similar law as originally
proposed by Paris and Erdogan [28], in which the crack growth rate (crack kinetics) da/dt
is the function of stress intensity factor KI and material specific constants, C and m,
da
dt
= C (KI)
m . (11.1)
In the laboratory tests, suitable specimens with well-defined stress configurations are used for
an empirical determination of crack kinetic laws. Once the crack kinetics for one geometric
structure is known, the KI-concept allows a transfer to any other component (e.g. pipe)
as long as all the geometrical and loading parameters are known. The time for a crack to
growth through the component can be calculated by transforming Equation 11.1, so that
the time for creep crack growth tSCG from an initial defect size a0 to the failure crack size of
af is a function of the component-specific function of KI and material parameters C and m
(Equation 11.1).
In practical applications the crack also requires some incubation time for the initiation of
SCG so that the total failure time is the sum of this initiation time t0 and tSCG. However,
the mechanisms of the crack initiation are difficult to predict and not yet fully understood
so that engineering fracture mechanics lifetime assessments are based on predictions of tSCG
which moreover lead to conservative results as they only take immediately growing cracks
into account,
tSCG =
∫ af
a0
da
A [KI (pin, d, s, a)]
m . (11.2)
The resulting lifetime assessment is performed on a polymer pipe from PE-100 (d = 110mm,
SDR 17.6) loaded by hoop stress 6 − 10MPa with an initial defect in the range between
100µm - 400µm. Initial defect was chosen based on recommendations in literature [24],
[78],[79], [80], [20], where typical defects found in the inner surface of the polyolefin pipes
were evaluated. In case of the polymer weld, due to the weld bead development a typical
defect size increases and values higher to 400µm would be relevant.
Material properties of the crack kinetics of PE 100 were estimated experimentally by Frank
et al. [80] (C = 8.5 · 10−7 and m = 6.8).
The following sections discuss the lifetime predictions and the results in more detail for all the
studied connections. Material properties of welded region described in the previous chapter
should be taken into account with respect to the region in which the crack propagates. All
the presented results will be given for polyethylene but of course any other material (with
different Emax/Emin) ratio could be chosen as well.
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11.2.1 Time to Failure of Butt Welded Pipes (Optimal Welding
Conditions)
Optimal welding conditions were detaily described in Chapter 7. The lifetime prediction is
estimated for polyethylene, based on the stress intensity factor results given in Figure 8.1 and
Figure 8.2. The results shown in ” σhoop vs. time” diagrams (see Figure 2.12) for two different
initial crack sizes are presented in Figure 11.4, Figure 11.5 considering the initial defect size of
a0 = 0.1mm and in Figure 11.6, Figure 11.7 considering the initial crack size of a0 = 0.4mm.
The graphs on the left side are comparing the axial cracks, whereas the graphs on the rights
side the circumferential cracks. Experimental data are given for the stage A (ductile failure,
see Figure 2.12), where the time to failure is still possible to measure in a reasonable time
frame.
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It is shown that the resulting lifetime is strongly sensitive to the initial defect size (a0) and a
small increase in the defect size dramatically decreases the lifetime of the structure, see the
difference in Figure 11.4, Figure 11.5 and Figure 11.6, Figure 11.7.
The existence of axial cracks in the welded area slightly reduces the lifetime, due to small ratio
Emax/Emin, see Figure 11.4. For higher ratio (different material, for instance polypropylene),
the lifetime reduction would be higher. As seen in the figures, removing of the weld bead
has a negative effect on the lifetime and this effect is further enhanced by lower resistance
to creep crack growth in the welded region, as pointed out in the previous chapter.
Circumferential crack propagating from the weld bead notch significantly reduce tSCG (resid-
ual lifetime), but still the final lifetime is higher than 100 years, see Figure 11.5. In the case
of circumferential crack, keeping of the weld bead has a negative impact on the lifetime.
However, in real service when the pipe system is not fully closed (lower axial stresses can be
expected) the stress intensity factors are too low in compare to the axial cracks, that it is not
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probable for the circumferential crack to propagate. Instead an axial crack would initiate
either in the basic pipe material in a non-welded region if the weld bead is not removed or
in the welded region if the weld bead is removed.
A very similar situation is plot in Figure 11.6, Figure 11.7, where now the initial defect is
taken as a0 = 0.4mm.
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As seen the initial defect consideration is very important and changes the lifetime rapidly,
(all lines are shifted to the left). Lifetime of the homogeneous pipe in this case is realistic
and corresponds well with simulations of the lifetime predictions published in [80], [3], [81].
The effect of the weld bead has a positive contribution on pipe’s lifespan in both modes of
failure, regardless on crack orientation (axial or circumferential).
In the case of pipe without the weld bead, the axial crack initiated in the center of the
weld slightly reduces the lifetime of the pipe and propagation of the circumferential crack
is from the mechanics point of view improbable. It should be noted that resistance of
polyolefin material in the center of the weld is significantly reduced (see the previous chapter),
which is not considered in the residual lifetime estimation shown in Figure 11.6, Figure 11.7.
Therefore, reduction of the lifetime due to crack propagation in the center of the weld can
be much higher.
Results obtained for PE 100 welded pipes indicate that remaining of the weld bead induces a
stress concentration in the weld bead notch but a possible crack (axial crack) propagates far
from the weld bead center and predicted lifetime of the pipe is comparable with non-welded
pipe. Material properties of non-welded region are not reduced and the presented results in
this case are much closer to reality. Contrary to that, in the case of welded pipe without
the weld bead a crack can initiate in the center of the weld, where resistance of the material
against slow crack growth is significantly reduced and possible macroscopic defects after the
welding procedure are present. Calculated lifetime in this case is also the lowest from all of
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the studied cases. Therefore generally, it can be concluded that removing of weld beads can
be seen critical with respect to decreasing lifetime expectations.
11.2.2 Time to Failure of Butt Welded Pipes (Non-Optimal Weld-
ing Conditions)
As it was shown in Chapter 9, the optimal weld bead shape has the best resistivity against the
slow crack growth due to its geometrical configuration, which decreases the stress intensity
factor values, especially for small cracks. As seen in the previous chapter, the initial crack
size is very important and a significant part of the crack propagation time is characterized
by small cracks. The reason for lower stress intensity factors of the optimal weld bead shape
was explained on the deformation, (see Figure 9.4) in Chapter 9.
Lifetime prediction and its results for the optimal welding conditions were described in the
previous chapter. In case of non-optimal welding conditions a significant decrease of lifetime
is visible in the case of circumferential crack for both non-optimal studied cases (higher time
of preheating and higher pressure).
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Figure 11.8: Hoop stress vs. time to failure diagram for different welding conditions
considering the initial crack length of 0.4mm
The presented results are conservative and a higher reduction of lifetime can be further
expected since the crack propagates in welded region where the resistance to creep crack
growth is decreased.
Non-optimal welding conditions are not recommended and from all the three studied cases the
optimal welding conditions are the best. However, welding conditions can still be optimized
in order to find a better weld bead shape which would decrease the SIF even more. This can
be considered for future related research.
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11.2.3 Time to Failure of Electro-Fusion Welded Pipes
The last section of this chapter describes the electro-fusion welding joint lifetime prediction
in compare to the butt welding joint. The results are graphed in the following figure.
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There are visible limits in Figure 11.9 in lifetime for the open and closed pipe system with the
electro-fusion joint. As the stress intensity factor distribution indicated, the lifetime for the
closed pipe system is decreased in compare with the butt welding joint. Electro-Fusion joint
seems to be inefficient in terms of slow crack growth. Further optimization can be, however,
studied. Changing the dimensions and shape of the electro-fusion joint can decrease the SIF
eventually increasing the resistance of the joint to slow crack growth.
Chapter 12
Conclusion
The main aim of the thesis was to describe fracture behavior of welded polyolefin pipes. For
this purpose, various numerical models have been successfully created. These models were
used to simulate pipe crack propagation for two different crack orientations: axial crack (3D
case) and circumferential crack (2D case). Crack propagation in each case was simulated
separately for both welded and non-welded pipe material.
This thesis also describes a methodology for assessing the lifespan of welded polyolefin pipes.
The presented results and recommendations complement existing procedures based on the
concepts of Linear Elastic Fracture Mechanics (LEFM). Specifically, the numerical models
simulated changes in polyolefin properties by considering the effect of Young’s modulus
(which describes the inhomogeneity near the welded region).
Prediction of pipe lifespan and subsequent assessments were done mainly for polyethylene
(PE). However, as seen in the analysis of the stress intensity factor, the same conclusions
could be drawn for any other material.
Different numerical models were designed to describe crack propagation in both optimal and
non-optimal welding joints. Numerical models of crack propogation in homogeneous pipes
were compared to the analytical solutions or other published results, and the mesh refinement
near the crack front was confirmed to be sufficient with respect to the corresponding stress
intensity assessment. Initial comparisons assisted in the debugging of algorithms later used
for more complex geometries, such as inhomogeneous distributions and different weld bead
geometries, as well as for the electro-fusion welding joint description.
Presented results include the quasi-brittle failure mechanism, in which a slow creep crack
growth is observed to cause the failure. In the case of the axial crack, the crack front has a
semi-elliptical shape and propagation stems from the meridian. The change of the crack front
was estimated for a homogeneous pipe based on the constant Stress Intensity Factor (SIF)
distribution along the crack front. The SIF was estimated using the direct method. This
crack front shape was then used for all other 3D cases with the axial crack. In the case of
the circumferential crack, propagation occurs in the radial and axial direction. These crack
propagations were simulated by combining the Maximal Tangential Stress (MTS) criterion
with an algorithm proposed in author bachelor’s thesis [4], improving upon the existing
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method for solving axisymmetric problems. The SIF in this case was estimated based on the
nodal displacements near the crack tip.
The following conclusions summarize the results of the numerical models for inhomogeneous
butt welded pipes:
• The stress intensity factor increases in the presence of material inhomogeneity, re-
gardless of crack orientation (axial or circumferential), and correlates approximately
linearly with the ratio Emax/Emin.
• The weld bead makes the welded area stiffer and increases the probability of initiating
a circumferential crack, especially when the pipe system is fully closed. Otherwise, it
is more likely that an axial crack propagates in a non-welded area.
• If the weld bead is removed, the axial crack propagates in the middle of the weld and
the resulting stress intensity factor is higher (leading to decreased residual lifespan)
than for the corresponding non-welded pipe.
From the perspective of fracture mechanics, numerical results show that keeping the weld
bead increases the lifespan of welded pipes.
Conclusions regarding the different welding conditions are summarized as follows:
• The optimal weld bead shape has the best geometry in terms of pipe’s lifetime.
• The weld bead notch radius has no effect on crack propagation other than its influence
on initiation time.
Lifespan estimates for welded pipes were calculated using an equation analogous to the Paris-
Erdogan equation, applying the material properties published in [80]. The lifespan of the
pipes is influenced mainly by small cracks. It was shown that the lifespan predictions are
conservative and highly dependant on the choice of the initial crack length. Stress intensity
factors for a/s < 0.1 were significant. According to some recommendations, the experimental
initial crack length of 0.4mm was selected.
The following are the most important experimental results regarding pipe lifespan:
• The slow crack growth is accelerated by the welding process for both the axial and
circumferential cracks.
• Considering an initial crack of 0.4mm, the pipe lifespan is significantly reduced if the
weld bead is removed and the axial crack is initiated in the homogeneous area.
• If the weld bead is kept, then the lifespan of a butt welded pipe with a circumferential
crack is comparable to the lifespan of a homogeneous pipe with an axial crack. Cir-
cumferential cracks are therefore not dangerous in butt welded pipes, especially if the
system is not fully closed.
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Finally, the electro-fusion welding joint was also compared to the butt welded pipes. Results
show that the electro-fusion welded pipes have a lower resistance to circumferential crack
propagation, due to their joint geometrical configuration.
All objectives of the diploma thesis have been met. The thesis results were also presented at
three conferences (Engineering Mechanics 2014, Computational Mechanics 2014, and Applied
Mechanics 2015), and have been submitted for publication in Materials & Design. An
additional related research paper including the thesis results has been sent to the Springer
book entitled Deformation and Fracture Behavior of Polymer Materials.
The thesis results can be used for estimating the lifespan of welded pipe systems, predicting
creep crack growth, and optimizing conditions for butt welding or electro-fusion welding.
Minimizing the SIF leads to higher life expectancy. However, the long-term behavior of
material properties of the welded region must be considered. Geometrical configuration
plays an important role in determining the stress intensity factor, and this is one possible
direction for future related research.
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σ MPa stress
σaxial MPa stress in axial direction
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σij MPa stress tensor
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105
11 LIST OF SYMBOLS AND PHYSICAL CONSTANTS 106
Fmax N maximum applied force
Fmin N minimum applied force
G J/mm2 crack driving force
h1,2 − functions of material inhomogeneity function
J0,2 N/mm resistance against the stable crack initiation
K MPa.m1/2 stress intensity factor
KI,max MPa.m
1/2 maximum applied stress intensity factor
KI,min MPa.m
1/2 minimum applied stress intensity factor
KII MPa.m
1/2 stress intensity factor (second mode)
KIII MPa.m
1/2 stress intensity factor (third mode)
KI MPa.m
1/2 stress intensity factor (first mode)
L mm length
m − Paris-Erdogan constant
Mf − Follias correction factor for bulging of the crack flanks
p − singularity exponent
p − exponent of material inhomogeneity function
paxial MPa applied axial pressure
pin MPa pipe internal pressure
r mm polar coordinate (distance from the crack tip)
R mm pipe min-surface radius
r mm weld bead notch radius
rp mm size of plastic zone (the second approximation)
ry mm size of plastic zone (the first approximation)
s mm pipe wall thickness
t s time
T ◦C temperature
tSCG h time of slow crack growth
tf h time to failure
u mm displacement in x-direction
U J strain energy
v mm displacement in y-direction
w J/mm3 strain energy density
w mm half weld width
Y − shape function
List of Appendices
A Flow Diagrams 109
A.1 Algorithm of Axial Crack Propagation . . . . . . . . . . . . . . . . . . . . . . 109
A.2 Algorithm of Circumferential Crack Propagation . . . . . . . . . . . . . . . . 110
B APDL Scripts 111
B.1 Material Inhomogeneity Implementation . . . . . . . . . . . . . . . . . . . . . 111
107

A Flow Diagrams
A.1 Algorithm of Axial Crack Propagation
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Figure 13.1: Flow diagram of solving axial crack propagation (3D case)
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A.2 Algorithm of Circumferential Crack Propagation
The presented algorithm was described in the author’s bachelor’s thesis [4]. The algorithm
was extended of solving axisymmetric bodies.
START
chooseYtheYcriterion
forYestimationYofY
crackYdirection
MTS MMTS MSED MERR
maximumYtangentailY
stressYcriterion
theYsameYalgorithmY
forYotherYcriterionsInputYofY
basicYparameters
Continue?Y
YESYNOFinishY
orYchooseYanotherYcriterion
colleltingYdataY
aboutYgeometry
creatingYcrackY
FEMYsolution
solvingYnextY
angleYincrement
EqualsYNYchosenY
numberYofYiterations?
KILYKIILYTL...
YESFINISH
dataYprocessingY NO
Pipe
geometry
Preprocessing
APDLYcode
Figure 13.2: Flow diagram of solving circumferential crack propagation (2D case)
B APDL Scripts
B.1 Material Inhomogeneity Implementation
1 ! Implementation o f the inhomogeneous d i s t r i b u t i o n o f Young ’ s modulus
2 ! Global coo rd inate system (CS) i s in the middle o f the weld bead (x ax i s )
3
4 /prep7
5
6 ! Read the func t i on ’m1750 15 .mat ’ d e s c r i b i n g the Inhomogeneous d i s t rubu t i on
7 ! ( E min = 1750 MPa, E max/E min = 1 . 5 )
8
9 MPREAD, ’m1750 15 ’ , ’mp ’ , ’C:\ Users \mikula\Documents ’
10
11 ! S e l e c t everyth ing
12 a l l s e l , a l l
13
14 ! Import the inhomogeneity in to the p o s i t i v e y−ax i s d i r e c t i o n with r e sp e c t to the g l oba l CS
15
16 ∗DO, i , 1 , 20 , 1 ! f unc t i on i s d i s c r e t i z e d in to 21 va lue s
17 NSEL, S ,LOC,Y, ( i −1)∗ 0 . 3 0 , 0 . 3 5 ∗ i ! s e l e c t nodes
18 BF, a l l ,TEMP, i ! p r e s c r i b e a temperature ( i−th value ) to the s e l e c t e d nodes
19 ∗ENDDO
20
21 NSEL, S ,LOC,Y,20 ∗0.30 ,+600 ! 21 s t va lue
22 BF, a l l ,TEMP,21
23
24 ! Import the inhomogeneity in to the negat ive y−ax i s d i r e c t i o n with r e sp e c t to the g l oba l CS
25
26 ∗DO, i , 1 , 20 , 1 ! f unc t i on i s d i s c r e t i z e d in to 21 va lue s
27 NSEL, S ,LOC,Y,−( i −1)∗ 0.30 ,−0.35 ∗ i ! s e l e c t nodes
28 BF, a l l ,TEMP, i ! p r e s c r i b e a temperature ( i−th value ) to the s e l e c t e d nodes
29 ∗ENDDO
30
31 NSEL, S ,LOC,Y,−20∗0.30 ,−600 ! 21 s t va lue
32 BF, a l l ,TEMP,21
33
34 ! Each temperature i s connected with a Young ’ s modulus va lue ( de f ined in ’m1750 15 .mat ’ )
35 ! Continue with the s o l u t i o n
36 ! / s o l
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